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Abstract 

The phenomenon of CP violation in the B system and strategies for extracting 
CKM phases are reviewed. We focus both on general aspects and on some 
recent developments including CP-violating asymmetries in Bd decays, the 
Bs system in light of a possible width difference ATs, charged B decays, and 
SU{3) relations among certain transition amplitudes. In order to describe the 
relevant non-leptonic B decays, low energy effective Hamiltonians calculated 
beyond the leading logarithmic approximation are used. Special emphasis is 
given to the role of electroweak penguin operators in such transitions. These 
effects are analyzed both within a general framework and more specifically 
in view of the theoretical cleanliness of methods to determine CKM phases. 
Strategies for obtaining insights into the world of electroweak penguins are 
discussed. 
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The phenomenon of CP violation in the B system and strategies for extracting CKM 
phases are reviewed. We focus both on general aspects and on some recent developments 
including CP-violating asymmetries in decays, the Bs system in light of a possible 
width difference AFs, charged B decays, and SU{3) relations among certain transition 
amplitudes. In order to describe the relevant non-leptonic B decays, low energy effective 
Hamiltonians calculated beyond the leading logarithmic approximation are used. Special 
emphasis is given to the role of electroweak penguin operators in such transitions. These 
effects are analyzed both within a general framework and more specifically in view of the 
theoretical cleanliness of methods to determine CKM phases. Strategies for obtaining 
insights into the world of electroweak penguins are discussed. 

1. Setting the Scene 

Although the experimental discovery of CP violation by Christenson, Cronin, Fitch 
and TurlayfiJ goes back to the year 1964, the non-conservation of the CP symmetry 
still remains one of the unsolved mysteries in particle physics. 



1.1. CP Violation in the K-System 

So far CP violation has been observed only within the neutral if-meson system, 
where it is described by two complex quantities called e and e' which are defined 
by the following ratios of decay amplitudes: 

A{Ks TT+TT-) ' A{Ks 7r"7rO) ' ^ ' 

While e — (2.26 ±0.02) • e'" . 10~^ parametrizes "indirect" CP violation originating 
from the fact that the mass eigenstates of the neutral ii'-meson system are not 
eigenstates of the CP operator, the quantity Re(e'/e) provides a measure of "direct" 
CP violation in K tttt transitions. Unfortunately the experimental situation 
concerning Re(e'/e), which has been subject of very involved experiments performed 
both at CERN and Fermilab by the the NA31 and E731 collaborations, respectively, 
is unclear at present. Whereas NA3Lfindsa Re(e'/e) = (23 ± 7) • lO""* indicating 
already direct CP violation, the resultd Re(e'/£) = (7.4 ± 5.9) • lO""* of the Fermilab 
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experiment E731 provides no unambiguous evidence for a non-zero effect. In about 
two years this situation is hopefully clarified by the improved measurements^ at 
the 10~^ level of these two collaborations as well as by the KLOE experimenta at 
DA$NE. 

Theoretical analysesQ of Re(£'/e) are very difficult and suffer from large hadronic 
uncertainties. They are, however, consistent with present experimental data. Be- 
cause of this rather unfortunate theoretical situation, the measurement of a non- 
vanishing value of Re(e'/e) will not provide a powerful quantitative test of our 
theoretical description of CP violation. Consequently the major goal of a possible 
future observation of Re(£'/£) ^ would be the exclusion of "superweak" theorieaj 
of CP violation predicting a vanishing value of that quantity. 

1.2. The Standard Model Description of CP Violation 

At present the observed CP-violating effects arising in the neutral K-meson sys- 
tem can ba^ described successfully by the Standard Model (SM) of electroweak 
interactionsQ. Within that framework CP violation is cIosiiIy related to the quark- 
mixing-matrix - the Cabibbo-Kobayashi-Maskawa matrixBo (CKM matrix) - con- 
necting the electroweak eigenstates {d',s',b') of the d-, s- and 6-quarks with their 
mass eigenstates (d, s, b) through the following unitary transformation: 

'VudVusVub\ fd\ /d\ 
Vcd Vc, Vcb ] ■{ s \ = VCKM • s • (2) 
Vtd Vts Vtb J \b J \bj 

The elements of the CKM matrix describe charged-current couplings as can be seen 
easily by expressing the non-leptonic charged-current interaction Lagrangian 

= ( UL, CL, k ) { i I Wl + h.c. (3) 

in terms of the electroweak eigenstates 




Cg^ = ( ilL, CL, iL ) r VcKM y^^^ jK + '^-C-' (4) 

where the gauge coupling g2 is related to the gauge group S'!7(2)l and the VF^i^'' 
field corresponds to the charged W^-bosons. Since neutrinos are massless within 
the SM, the analogue of the CKM matrix in the leptonic sector is equal to the 
unit matrix. Furthermore, since the CKM matrix is unitary in flavor-space, flavor 
changing neutral current (FCNC) processes are absent at tree-level within the SM. 
Therefore the unitarity of the CKMjnatrix is the basic requirement of the "GIM- 
mechanism" describing that featurcEj. 

The elements of the CKM matrix are fundamental parameters of the SM and 
have to be extracted from experimental data. Whereas a single real parameter - 
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the Cabibbo angle Qlc - suffices to parametrize the CKM matrix in the case of two 
fermion generationsO, three generahzed Cabibbo-type angles and a single complex 
phase are needed in the three generation casecl. This complex phase is the origin 
of CP violation within the SM. Concerning phenomenological applications, the fol- 
lowing parametrization of the CKM matrix, which exhibits nicely the hierarchical 
structure of its elements, is particularly useful: 

/ l-iA2 A AX^{p-ir,)\ 

VcKM = -A 1 - AX^ + 0{X^). (5) 

\AX^1- p-i7]) -AX^ 1 / 

The basic idea of that parametrization, which is due to Wolfenstein0, is a phe- 
nomenological expansion of the CKM matrix in powers of the small quantity A = 
\Vus \ = sin 0.22. A treatment of the neglected higher order terms can be found 
e.g. in Refs.B0. 

Since at present only a single CP-violating observable, i.e. e, has to be fitted, 
many different "non-standard" model descriptions of CP violation are imaginable. 
Since e'/e is also not in a good shape to give an additional stringent constraint, the 
if-meson system by itself cannot provide a powerful test of the CP-violating sector 
of the SM. 

1.3. The Unitarity Triangle 

As we will work out in detail in this review, the _B-meson system represents a very 
fertile ground for testing the SM description of CP violation. Concerning such 
tests, the central target is the "unitarity triaoigle" which is a graphical illustration 
of the fact that the CKM matrix is unitaryEJ. The unitarity of the CKM matrix is 
expressed by 

^CKM ■ ^CKM = i = VcKM ' V^CKM (6) 

and leads to a set of twelve equations, where six equations are related to the normal- 
ization of the columns and rows of the CKM matrix, and the remaining six equations 
describe the orthogonality of different columns and rows, respectively. The orthog- 
onality relations are oLparticular interest since they can be represented as triangles 
in tha complex planellj. It can be shown that all of these triangles have the same 
areall3, however, only in two of them all three sides are of comparable magnitude 
0(A'^), while in the others one side is suppressed relative to the remaining ones by 
O(A^) or O(A^). The latter four triangles are therefore rather squashed ones and 
hence play a minor phenomenological role. A closer look at the two non-squashed 
triangles shows that they agree at leading order in the Wolfenstein expansion so 
that one actually has to deal with a single triangle - the unitarity triangle (UT) of 
the CKM matrix - that is described by 

K*6 - AV,; + Vtd = 0. (7) 
Here terms of O(A^) have been neglected. Expressing (0) in terms of the Wolfenstein 
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parameterg0 and rescaling all sides of the corresponding triangle by AX^ gives 

(p + z77)-l + (l-p-ir;) = 0. (8) 

Consequently the UT can be represented in the complex (p, rj) plane as has been 
shown in Fig. |l|. Defining the UT more strictly through 



(9) 



which is the exact CKM phase convention independent definition, the upper corner 
A of the triangle depicted in that figure receives corrections of ©(A^). In RefEl 
it was pointed out that these corrections can be included straightforwardly by re- 
placing p — > p = p{l — A^/2) and t] ^ fj = 77(1 — A^/2). To an accuracy of 3% we 
have p — p, fj = T] and as far as the phenomenological applications discussed in this 
review are concerned these corrections are inessential. 

The Wolfenstein parametrization can be modified as follows to make the 
dependence on the angles /3 and 7 of the UT explicit: 

l-iA2 A AX^RbC- 

-X 1 - \X^ AX^ 
X^Rte~'f^ -AX^ 1 



CKM — 



-Z7 



(10) 



where 

A = 4 \Vcb\ , i?b = Y 
A^ A 



Vub 



Vcb 



Vtd 



Va-p^ + v'- (11) 



The presently allowed ranges0 for these parameters are A — 0.810 ± 0.058, Rb ~ 
0.363±0.073 and Rt = 0(1). The status of Rt and strategies to fix this CKM factor 
have been summarized recently in Ref.Q. Note that the 3''^ angle a of the UT can 
be obtained straightforwardly through the relation 



a + /3 + 7= 180° 



(12) 



At present the UT can only be constrained indirectly through experimental data 
from CP-violating effects in the neutral X-meson system, B'^ — B'^ mixing, and from 
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certain tree decays measuring \Vcb\ and |Kif,|/|V"c6|. Such^aiaalyses have been per- 
formed by many authors and can be found e.g. in Refs.QO'Ej't3. It should, however, 
be possible to determine the three an gle s n [3 and 7 of the UT independently in a 
direct way at future B physics facilitiestZI"E3 by measuring CP-violating effects in B 
decays. Obviously one of the most exciting questions related to these measurements 
is whether the results for a,j3, 7 will agree one day or not. The latter possibility 
would signal "New Physics" El beyond the SM. 

1.4. Outline of the Review 

In view of these experiments starting at the end of this millennium it is mandatory 
for theorists working on B physics to search for decays that should allow inter- 
esting insights both into the mechanism of CP violation and into the structure of 
electroweak interactions in general. A review of sjich studies is the subject of the 
present article (for a very compact version see Ref£j) which is organized as follows: 

Since non-leptonic B-meson decays play the central role in respect to CP viola- 
tion and extracting angles of the UT, let us have a closer look at these transitions 
in Section 2. A very useful tool to analyze such decays are low energy effective 
Hamiltonians evaluated in renormalization group improved perturbation theory. 
The general structure of these Hamiltonians consisting of perturbatively calcula- 
ble Wilson coefficient functions and local four-quark operators is presented in that 
section, and the problems caused by renormalization scheme dependences arising 
beyond the leading logarithmic approximation as well as their cancellation in the 
physical transition amplitudes are discussed. 

Section 3 is devoted to CP violation in non-leptonic B-meson decays and re- 
views strategies for extracting the angles of the UT. Both general aspects, a careful 
discussion of the "benchmark modes" to determine a, (3 and 7, some recent devel- 
opments including CP-violating asymmetries in Bd decays, the Bg system in light 
of a possible width difference AF^, charged B decays, and relations among certain 
non-leptonic B decay amplitudes are discussed. 

In Sections 4 and 5 we shall focus on electroweak penguin effects in non-leptonic 
B decays and in strategies for extracting CKM phases, respectively. This issue 
led to considerable interest in the recent literature. Naively one would expect that 
electroweak penguins should only play a minor role since the ratio a/ = 0(10^^) 
of the QED and QCD couplings is very small. However, because of the large top- 
quark mass, electroweak penguins may nevertheless become important and may 
even compete with QCD penguins. These effects are discussed within a general 
framework in Section 4. There we will see that some non-leptonic B decays are 
affected significantly by electroweak penguins and that a few of them should even be 
dominated by these contributions. The question to what extent the usual strategies 
for extracting angles of the UT arc affected by the presence of electroweak penguins 
is addressed in Section 5. There also methods for obtaining experimental insights 
into the world of electroweak penguins are discussed. 

Finally in Section 6 a brief summary and some concluding remarks are given. 
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Tree Diagrams: 
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QCD Penguin Diagrams: 
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93 = 92 

EW Penguin Diagrams: 
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Figure 2: Lowest order contributions to non-leptonic 6-quark decays {q € {w, c, t}). 

2. Non-leptonic B Decays and Low Energy Effective Hamiltonians 

The subject of this section is an introduction to a very useful tool to deal with 
non-leptonic B decays: low energy effective Hamiltonians. Since the evaluation of 
these operators beyond the leading logarithmic approximation has been reviewed 
in great detail by Buchalla, Buras and Lautenbacher in a recent papeilij, only the 
general structure of these Hamiltonians is discussed here. For the technicalities the 
reader is referred to Ref.lil. Before turning to these Hamiltonians, let us classify 
briefly non-leptonic B decays in the following subsection. 

2.1. Classification of Non-leptonic B Decays 

Non-leptonic B decays are caused by 6-quark transitions of the type b ^ 5i 92 93 
with qi € {d, s} and 92, 93 G {u, d, c, s} and can be divided into three classes: 

i) 92 = 93 G {u,c}: both tree and penguin diagrams contribute. 

ii) 92 = 93 G {rfjs}: only penguin diagrams contribute. 

iii) 92 7^ 93 G c}: only tree diagrams contribute. 

The corresponding lowest order Feynman diagrams are shown in Fig. There are 
two types of penguin topologies: gluonic (QCD) and electroweak (EW) penguins 
originating from strong and electroweak interactions, respectively. Such penguin 
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diagrams play also an important role in the K-uieson system. The corresponding 
operators were introduced there by Vainshtein, Zakharov and ShifmanE3. 

Concerning CP violation, decay classes i) and ii) are very promising. These 
modes, which are usually referred to as \AB\ = 1, AC = AU = transitions, will 
hence play the major role in Section 3. Since we shall analyze such transitions by us- 
ing low energy effective Hamiltonians calculated in renormalization group improved 
perturbation theory, let us have a closer look at these operators in the following 
subsection. Decays belonging to class iii) allow in some cases clean extractions of 
the angle 7 of the UT without any hadronic uncertainties and are therefore also 
very important. The structure of their low energy effective Hamiltonians can be 
obtained straightforwardly from the \AB\ — 1, AC = AU = case. 

2.2. Low Energy Effective Hamiltonians 

In order to evaluateJow energy effective Hamiltonians, one makes use of the operator 
product expansioncj (OPE) yielding transition matrix elements of the structure 



(/|HeffK)«2^(/|Qfc(/i)K)Cfe(M), 



(13) 



where n denotes an appropriate renormalization scale. The OPE allows one to sep- 
arate the "long-distance" contributions to that decay amplitude from the "short- 
distance" parts. Whereas the former pieces are related to non-perturbative hadronic 
matrix elements (/|Qfc(/^)|i); latter ones are described by perturbatively calcu- 
lable Wilson coefficient functions Ck {lj)- 

In the case of \AB\ = 1, AC = AU = transitions we have 



U 



cff - 



n,«{AB = -1) + H,s{AB = -l)t 



(14) 



with 



Hoff(AS 



V2 




10 
fc=3 



(15) 



Here Gp denotes the Fermi constant, the renormalization scale /i is of 0(771;,), the 
flavor label q G {d, s} corresponds to b ^ d and b ^ s transitions, respectively, and 
Q],' are four-quark operators that can be divided into three categories: 

i) current-current operators: 



{qajp)v-A{3_pba)Y-A 
{qaja)v-A{jl3bp)v-A- 



(16) 



ii) QCD penguin operators: 

Ql 



Ql 
Ql 
Ql 



{qaba)v-A Eq'(9^9/3)v-A 

{qab0)v-Aj2q,{q0q'Jv-A 

{qaba)v-A J2q'iq'l3l'l3h+A 
{qab0)v-A Y.q'iq'(}q'ah+A- 



(17) 
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EW penguin operators: 



Qr = |(9a&a)v-AEg' e9'(g^'7^)v+A 

Ql = i(9a^/3)v-AEq' eg'(9^9L)v+A ^g^ 

Ql = |(9a^a)v-AEg' e9'(9^9/3)v-A 

?10 = i(9a^/5)v-AEq' eg'(g^gL)v-A- 



Here a and /3 denote SU{3)c color indices, V±A refers to the Lorentz structures 
7^(1 ± 75), respectively, q' runs over the quark flavors being active at the scale 
H = 0{mb), i.e. q' € {u,d,c,s}, and Cq' are the corresponding electrical quark 
charges. The current-current, QCD and EW penguin operators are related to the 
tree, QCD and EW penguin processes depicted in Fig. ||. 

In the case of transitions belonging to class iii), only current-current operators 
contribute. The structure of the corresponding low energy effective Hamiltonians 
is completely analogous to (|l^). We have simply to replace both the CKM factors 
VjqVjb and the flavor contents of the current-current operators ([l^) straightfor- 
wardly, and have to omit the sum over penguin operators. We shall come back to 
the resulting Hamiltonianal3'E3'E3 in our discussion of Bg decays originating from 
b — > ucs {b — !■ cus) quark-level transitions that is presented in 3.4.5. 

The Wilson coefficient functions Ck{fJ,) can be calculated in renormalization 
group improved perturbation theory. Within that framework the Wilson coeffi- 
cients are evolved from a scale of the order of the T^-boson mass Mw down to 
/I — 0{mii) by solving the renormalization group equations. The use of the renor- 
malization group technique allows one to sum up large logarithms \og{Mw/fJ')- In 
the leading logarithmic approximation (LO) terms of the type {aslog{Mw / f^))" 
are summed, in the next-to-leading logarithmic approximation (NLO) also terms 
(Q;s)"(log(Mvy//x))"~^ are summed, and so on. That procedure has been described 
extensively in an excellent recent review0, where all technicalities can be found. 
Let us therefore not go into details except one important feature discussed in the 
following subsection. 

2.3. Renormalization Scheme Dependences 

Beyond LO problems arise from renormalization scheme dependences which are 
reflected by the fact that the Wilson coefficient functions Ck (/i) depend both on the 
form of the operator basis specified in (p^-(p^) and on the scheme to renormalize the 
matrix elements of the corresponding operatora2ZI. In order to study the cancellation 
of these scheme dependences explicitly, it is convenient to introduce the following 
renormalization scheme independent Wilson coefficient functionsEH: 



47r 



An 



Cifi). 



(19) 



Here the scheme dependence of C(/i) is cancelled through the one of the scheme 
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dependent matrices and f^. Using this parametrization we find 



47r 



(20) 



where the elements of the column vector Q are given by the operators Qi, . . . , Qio 
(flavor labels are suppressed in the following discussion to make the expressions 
more transparent). Taking into account one- loop QCD and QED matrix elements 
of the operators Qk, which define matrices rhsifJ.) and rheifJ.) through 



Q' (m)) = (Q 



1 



in 



yields 



(21) 



(22) 



= (Q' 



1 



in 



in 



where terms of ©(^^(/i)^), 0{a as{iJ.)) and 0{a^) have been neglected and the 
components of the vector {Q)o denote the tree level matrix elements of the operators 
Qiif^-,Qio- Since the matrices rs,e are special cases of the matrices g (see 
RcfO), the renormalization scheme dependences of these matrices cancel in (p^). 
Therefore the matrix element given in that expression is renormalization scheme 
independent. Since penguin contributions play a central role in this review, the 
penguin sector of the matrix element (|2^ ) will be of particular interest: 



k=3 



^^fc(M) + ^(m.(/i)-f,)2,C2(M) 



An 



(23) 



10 



fe=7 



■^{Qk)o Cfe(Ai) + £j;E(me(Ai) - 



CM 



Here one- loop matrix elements of penguin operators have been neglected as in Ref.ES. 
Moreover it has been taken into account that the current-current operator Qi does 
not mix with QCD penguin operators at the one-loop level because of its color- 
structure. 

Calculating both the one-loop QCD and QED time-like penguiiimatrix elements 
of the current-current operators Q1/2 shown in Fig. |3[ one findfStJ the following 
non-vanishing elements {rhg/^{^))jk (j £ {1,2}, k e {3,..., 10}) of the matrices 
rhsdi) and rhein)- 



(TOs(m))24 = ims{p))26 = 



-K + G{m, k, /i) 



— K + G(m, fc, //) 
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Figure 3: One-loop QCD and QED time- like penguin matrix elements of the currcnt- 

1/2- 



current operators Q'!^ 



(We(M))27 = (f?ie(/^))29 



K + G{m, fc, fi) 
K + G{m, fc, /i) 



(24) 



Here k parametrizes the renormalization scheme dependences and distinguishes be- 
tween different mass-independent renormalization schemes. The function G(m, /c, /u) 
is defined by 



G{m, k, fi) 



4 / da: a; (1 — x) In 





— /c^ a; (1 — a) 



(25) 



where m is the mass of the quark running in the loop of the penguin diagram 
shown in Fig. || and k denotes the four- momentum of the virtual gluons and photons 
appearing in that figure. 

The elements of the matrices and fe corresponding to ( p4[ ) are given as 
foUowJi-ii: 



ifs)23 ^ (ns)25 
{fe)n = {fe)l9 



2 10 
-K H 

3 9 



— K 

3 



fO 



, (fe)27 = {fe)29 



2 fO 
-K H 

3 9 



— n 
3 



fO 
~9 



(26) 



Combining (^3|) with ( |24| ) and (|2q), we observe explicitly that the renormaliza- 
tion scheme dependent terms parametrized by k cancel each other and obtain the 
following renormalization scheme independent expression: 



10 



Q^{^^) ■ C{p) 



k=3 



10 



G(m, fc, /i) 
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X I (^-^(03)0 + (04)0 - ^(^5)0 + (^6)0) C2(m) 

+ ((Q7>o + (Q9)o) (3Ci(m) + C2(Ai)) I . (27) 

The problems related to renormalization scheme dependences arising at NLO and 
their_cancellation through certain matrix elements have also been investigated in 
RefEJ. There additional subtleties, which are beyond the scope of this review, have 
been analyzed. 

For later discussions it is useful to consider also the case where the proper renor- 
malization group evolution from /i — 0{Mw) down to fj, — 0{m\,) is neglected. The 
advantage of the corresponding Wilson coefficients is the point that they exhibit the 
top-quark mass dependence in a transparent way and allow moreover to investigate 
the importance of NLO renormalization group effects. 



2.4. Neglect of the Proper Renormalization Group Evolution 

If one does not perform the NLO renormalization group evolution from /i = 0{Mw) 
down to /i = 0{mb) but calculates the relevant Feynman diagrams directly at a scale 
of 0{Mw) with full W and Z propagators and internal top-quark exchanges (see 
Fig. H), one obtains the following set of coefficient functiong^j: 



C3 W = - 



247r 



E{xt) 



1 



C4 ifi) 



7^(0). ^ 
C7 {fi) 



as(/i) sin^ 8w 
as(M) 



a 



AC{xt)+D{xt) 



8tt 

4 ^2 
— In — ^ 

9 M? 



w 



E{xt) 

20 
" 27 



2 ^2 



w 



3 
10 



w 



^9 (m) = ^ 



ACixt)+Dixt) 



{lOBixt) - AC{xt)} + 7 In ^ 
sm Bw y ^'^j^vF 



where Xt = mf /M^ and 



B{x) = \ 



X In ; 



D{x) = lux 

^ ' 9 



(x- 1)2 
-19x3 



6 



?>x + 2 



2hx^ 



36(x 



+ 



x-\ (a; -1)2 
^2(5x2 — 2x 



In; 



6) 



18(a;- 1)^ 



Inx, 



E(x) — — — Inx - 



a;(18- llx-x2) .t2(15 - 16x + 4^2) 



In: 



10 



(28) 



20 
27 



(29) 



12(1 -x)-'' 6(1 -x)4 

The Inami-Lim functions^ B{xt), C{xt), D{xt) and E{xt) describe contributions of 
box diagrams (which have not been shown in Fig. ^), Z penguins, photon penguins 
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w 



W 



92 



W 



92 



Figure 4: Box diagrams contributing to — B^ mixing {qi, q2 G {u, c, t}). 



and gluon penguins, respectively. Using the coefficients (|2q), QCD renormalization 
group effects are included only approximately through the rescaling as(Mw) — >■ 
as(/i), where fj. = 0{mb)- Note that the ^-dependence of the coefficients C/. (fj.) 
originating from the logarithmic terms of the form ln(/x^/M^) is cancelled in the 
matrix clement ( ^t]) by the one of the function G{m, k, fi). The 0{as{iJ,)) and 
0{a) corrections to Ci\fj,) and Cj''^/^) contribute 0(q;5.(^)^), 0{aas{p-)) orC'(a^) 
effects to the penguin amplitude ( p7| ) and have to be neglected to the order we are 
working at in this review. For most practical applications, the differences between 
using the NLO Wilson coefficients or (|2^), i.e. the NLO renormalization group 
effects, are of order (10 — 20)% depending on the considered observableS. 

This remark concludes the brief introduction to low energy effective Hamiltoni- 
ans calculated beyond LO. The subject of the subsequent section is a review of the 
current theoretical status of CP violation in non-leptonic B decays and of strategies 
for extracting angles of the UT making use of these CP-violating effects. 



3. CP Violation in Non-leptonic B-Meson Decays 

Whereas CP- violating asymmetries in charged B decays suffer in general from large 
hadronic uncertainties and are hence mainly interesting in respect of ruling out 
"superweak" modelaa of CP violation, the neutral Bq-meson systems {q g {d, s}) 
provide excellent laboratories to perform stringent tests of the SM description of 
CP violationEHl. This feature is mainly due to "mixing-induced" CP violation which 
is absent in the charged B system and arises from interference between decay- and 
Bq — B^ mixing-processes. In order to derive the formulae for the corresponding 
CP-violating asymmetries, we have to discuss B^ — B^ mixing first. 



3.1. The Phenomenon of B^ — B^ Mixing 

Within the SM, B^ — B^ mixing is induced at lowest order through the box diagrar 



shown in Fig. Applying a matrix notation, the Wigner-Weisskopf formalisni^j 
yields an effective Schrodinger equation of the form 




dt [ Kt) - 



describing the time evolution of the state vector 

\,Pq{t))^a{t)\B"q)+bit) 



fait) 
[bit) 



(30) 



(31) 
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The special form of the mass and decay matrices in ( |30| ) foUows from invariance 
under CPT transformations. It is an easy exercise to evaluate the eigenstatcs 

with eigenvalues Aj?'' of that Hamilton operator. They are given by 



where 



B 



i<i) \ _ 



1 



q 



M, 



(9) 



V(9) 

2 



± ( M[f - -ri', 



2 



B 



(5)^ 

(32) 
(33) 



(9)12 
2 I 



^ 4\Mif\^ + |r(f P - 4|M(|)||r(|'| sin^eif/r 



-K^r,', +"'-). (34) 



Here the notations M^f = e^^'^'i^lM^l'l r\ 

Qf^^^ have been introduced and n' € Z parametrizes the sign of the square root 
appearing in that expression. Calculating the dispersive and absorptive parts of 
the box diagrams depicted in Fig. || one obtainsH 



r(9)| 



-^\r[l^\ and (5e^,/p 



(9) - 0(9) 



M- 



(9) 
12 



GIM^Mb^BbJb^ 
12^;^ 



(35) 



and 



) _ GlmlAlB.BBJl 
^ 12 — 



,(9)2 



,(9)„(9) 



i 2 1 ; 



(36) 



,(9)2 



VI - 4zc ( 1 - ^z, ) + -z, + -z^ _ -^3 



-i0Qp(B,) 



(9) 



respectively, where Xc = ml/M^, Xt = nq/M^, Zc = ml/ ml and 
The non-perturbative "i3-parameter" Bb^ = 0{1) is related to the hadronic matrix 
element (S^j [67^(1 — 75)9]^ /s^ is the B^-meson decay constant and Mb^ 

denotes the mass of the _Bg-meson. The functions S{x) and S{x, y) are given by 



S{x,y) 



S{x) 
x-y 
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4(2; -1) 2(a;-l)2 
3 3 







( X \ 


X H 










\x-l) 



lna::+ (x ^ y) - 



In a; 
ixy 



A{x-l){y^l) 



(37) 
(38) 



2(a:-l) 4(a;-l)2_ 

and the phase 4>cp{Bq) parametrizing the applied CP phase convention is defined 
through 

(39) 



(CV) \bI) = e*"*cp(s«) 



B° 
9 
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In the presence of a heavy top-quark of mass mt = 0(170 GeV) we have S{xt) = 
0(1), S{xc) = 0(10-") and S{xc,xt) = 0(10-3). Consequently, since v'f^ and v^f^ 
are of the same order in A (0{\^) and O(A^) for q = c? and s, respectively), m'i'^ is 
governed by internal top-quark exchanges and can be approximated as 



(9) 
12 



GIM^^MbBbJI^ 
127r2 



„('?)2 



S{xt) 



j{TV~4>Qp{Bg)) 



(40) 



On the other hand, since the expression (36) for the off-diagonal element v'f^ of the 



decay matrix is dominated by the term proportional to Wj'^''^, we have 



M. 



(<?) 



(41) 



12 



2Sixt)M^- 

Therefore, \t[^2\/W41'\ = 0{ml/mf) < 1. Expanding ^) in powers of this small 
quantity gives 



.(9)1 



2|M. 



(9) 



sinJB^'^yp 




(42) 



The deviation of |ag| from 1 describes CP-violating effects in 5° — oscillations. 
This type of CP violation is probed by rate asymmetries in semileptonic decays 
of neutral -Bq-mesons into "wrong charge" leptons, i.e. by comparing the rate of 
an initially pure _B^-meson decaying into l^ViX with that of an initially pure i?^ 
decaying into l^viX: 

T{Bl{t)^l-ViX)-Tm{t) 



A 



(9) 

SL 



- 1 



£S1 

T{B^^{t) ^ l-ViX) + T{B^^{t) ^ l+nX) M + l ~ \M[f\ 



1(59 



(9) 

M/V 



Note that the time dependences cancel in 
^(9) „ ^2 1^2 



(43) 

Because of \T^^^\I\m[^ \ cx ml/ml 
and sinfJO^'^yp oc rnj./rnf^, the asymmetry ( [43| ) is suppressed by a factor rnj^/ml — 
0(10"''') and is hence expected to be very small within the SM. At present there 
exists an experimental upper bound |Re(£B^)| = |^^l^/4| < 45 • 10-^ (90% C.L.) 
from the CLEO collaborationll which is about two orders of magnitudes above the 
SM prediction. 

The time-evolution of initially, i.e. at i = 0, pure and 
is given by 



B° 
9 



meson states 



\Bl{t)) = f^\t)\Bl)+a,f^_^\t)\Bl) 



/i^^(t)|S°) + /rW 



(9), 



BO 
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(44) 
(45) 



where 



f(9) 
J± 



e + ± e 



(46) 
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Using these time-dependent state vectors and neglecting the very small CP-violating 
effects in B^ — B^ mixing that are described by |aq| ^ 1 (see (^)), a straightforward 
calculation yieldsEj 



r(BO{t) ^ /) 
rK(<)-7) 

where 



9^:\t) 



2Re {(^/^gi^\t)g^_^\tr} 



e~^^ * -I- e-^H * ± 2 e-^«* cos(AMgi) 



9'y{t)9':'{t) 



e - e « 



and 



(9) 
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(9) 



2ie'^ sin(AM5i) 



f (47) 
f (48) 
r (49) 
f,(50) 

(51) 
(52) 

(53) 



In the time-dependent rates (^7|)-(p0|), the time-independent transition rates F and 
r correspond to the "unevolved" decay amplitudes A{B^ — > /) and A{B^ /), 
respectively, and can be calculated by performing the usual phase space integrations. 
The functions g±\t) are related to f^^\t). However, whereas the latter functions 
depend through aq on the quantity n' parametrizing the sign of the square root 
appearing in (p^, g'^\t) and the rates (^-(pO|) do not depend on that parameter. 
The n'-dependence is cancelled by introducing the positive mass difference 



M 



(<?) 



12 



> 



(54) 



AMg = M^^'' - m''^'^ = 2 
of the Bq mass eigenstates, where H and L refer to "heavy" and "light", respec- 

rt 

difference can be expressed as 



tively. The quantities and v'f^ denote the corresponding decay widths. Their 



'-^^ q — ^ H ^ L — 



4 Re 



i\^(9)-r(9)* 

^"12 ^ 12 



while the average decay width of the Bq mass eigenstates is given by 

p(9) I p(9) 
J- o — ~ — J- n • 



(55) 



(56) 



Whereas both the mixing phase 6^*^!^ and the amplitude ratios appearing in ( |53| ) 
depend on the chosen CP phase convention parametrized through <^cp(^g)i ttis 
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quantities S^'j^ and ^j'' are convention independent observables. We shall see the 
cancellation of (t>cpiBq) explicitly in a moment. 

The — mixing phase Q'mi2 ^PP^aring in the equations given above is 
essential for the later discussion of "mixing-induced" CP violation. As can be read 
off from the expression (40) for the off-diagonal element M;[|' of the mass matrix, 



is related to complex phases of CKM matrix elements through 

ei^l^ = TT + 2 arg {v:^Vtb) - <PcAB,). (57) 

In (^), perturbative QCD corrections to B^ — B^ mixing havebeen neglected. 
Since these corrections, which are presently known up to NLOtZl, show up as a 
factor ?7qcd ~ 0.55 multiplying the r.h.s. of (^o|), they do not affect the mixing 
phase Q^Mi2 ^^'^ have therefore no significance for mixing-induced CP violation. 

A measure of the strength of the B^ — B^ oscillations is provided by the "mixing 
parameter" 

The present ranges for Xd and Xg can be summarized as 

f 0.72 ±0.03 forged 
~ \ 0(20) for g = s, ^^^> 

where 1/Td — 1.55 ps has been used to evaluate Xd from the present experimental 
values for AA/^j summarized recently in Ref£3. So far the mixing parameter Xg has 
not been measured directly and only an experimental lower bound Xs ■ P^ = > 
9.2/ps, which is based in particular on recent ALEPH and DELPHI resultsEa, is 
available. Within the SM one expectsEl Xs to be of 0(20). That information can 
be obtained with the help of the relation 



1 . , r, Me 

Xd -. 7T. — T With Rd« = — ■ 

'Vus?Rl Rds Td Me 



fBa\/BE 



(60) 



where Rds describes SU (3) flavor-breaking effects. Note that Rds — 1 in the strict 
SU{S) limit. 

The mixing parameters listed in ( |59| ) have interesting phenomenological conse- 
quences for the width differences Ard,s defined by (p5|). Using this expression we 
obtain 

^« (61) 

Consequently AP^ is negative so that the decay width P^^ of the "heavy" mixing 
eigenstate is smaller than that of the "light" eigenstate. Since the numerical factor 
in ( |6l| ) multiplying the mixing parameter Xq is 0(10^^), the width difference AP^; 
is very small within the SM. On the other hand, the expected large value of Xs 
implies a sizable AP^ which may be as large as 0(20%). The dynamical origin 
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of this width difference is related to CKM favored h — *■ ccs quark-level transitions 
into final states that are common both to 5° and mesons. Theoretical analyses 
of AFs/Fs indicate that it may indeed be as large as 0(20%). These studies are 
based on box diagram calculationa^J, on a complementary approaches where one 
sums over many exclusive h -z* ccs modes, and on the Heavy Quark Expansion 
yielding the most recent resultcil AFs/Fs = O.lG^p Jg. This width difference can be 
determined experimentally e.g. from angular correlations in Bs — > J /tp 4' decayscSI. 
One expects f 0'^ — 10'' reconstructed Bg J /'ip (j> events both at Tevatron Rmi II 
and at HERA-B which may allow a precise measurement of AF^. As was pointed 
out by Duniet Jli, AF^ may lead to interesting CP-violating effects in untagged data 
samples of time-evolved Bg decays where one does not distinguish between initially 
present B^ and 5° mesons. Before we shall turn to detailed discussions of CP- 
violating asymmetries in the i?^ system and of the Bg system in light of AF^, let 
us focus on Bq decays {q G {d, s}) into final CP eigenstates first. JEor an analysis of 
transitions into non CP eigenstates the reader is referred to Ref.l 



tt4 



3.2. Bq Decays into CP Eigenstates 

A very promising special case in respect of extracting CKM phases from CP- 
violating effects in neutral Bq decays are transitions into final states |/) that are 
eigenstates of the CP operator and hence satisfy 

(C7')|/)-±|/>. (62) 

Consequently we have — (^j^ in that case (see (^)) and have to deal only with 

a single observable ^j'-* containing essentially all the information that is needed to 
evaluate the time-dependent decay rates (^7|)-(^0|). Decays into final states that are 
not eigenstates of the CP operator play an important role in the case of the Bg 
system to extract the UT angle 7 and are discussed in 3.4.5. 

3.2.1. Calculation o/^j'^'' 

Whereas the B^ — B^ mixing phase O^'^^^ entering the expression ( p3| ) for (^^''•' 
is simply given as a function of complex phases of certain CKM matrix elements 
(see (|^)), the amplitude ratio A(B0 f)IA{B°q /) requires the calculation of 
hadronic matrix elements which are poorly known at present. In order to investi- 
gate this amplitude ratio, we shall employ the low energy effective Hamiltonian for 



|Ai?| = 1, AC = Af7 — transitions discussed in Section 2. Using (15) we get 



(50^/) = (/|Hcff(AB = -l)|so) (63) 

(2 10 ^ 



%/2 



.k=l fc=3 



where the flavor label r g {d, s} distinguishes - as in the whole subsection - be- 
tween b d and 6 — > s transitions. On the other hand, the transition amplitude 
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A {B° /) is given by 

A(i3°^/)=(/|7ieff(Ai? = -l)^|i?,") 



(64) 



= / 



71 



10 



J=U,C 



. fe=l 



A:=3 



Performing appropriate CP transformations in this equation, i.e. inserting the op- 
erator {CVYiCV) = i both after the bra (/| and in front of the ket yields 



(65) 



X / 



Gf 
V2 



]=u,c 



fc=3 



where we have apphed the relation 

iCV)Qi^\cry = Qi'^ (66) 
and have furthermore taken into account (^) and (|62|). Consequently we obtain 



A(B° - /) 



5° 

^9 



j=u,c 



Qjr 



(67) 



where ' = V*j.Vjb and the operators Q^^ are defined by 



10 



Q^'-^^gfC,(M) + 5]Q;Cfc(/x). 



(68) 



jl!=l 



/c=3 



Inserting ( ^7| ) and (|6^) into the expression (js^) for we observe explicitly that 
the convention dependent phases (j)cp{Bq) appearing in the former two equations 
cancel each other and arrive at the convention independent result 



so 

9 



(69) 



Here the phase (fr^ = 2 arg(V(* Vtf,) arises from the B^ — B^ mixing phase 0Mi2- 
Applying the modified Wolfenstein parametrization (^0|), (j)'^ can be related to 
angles of the UT as follows: 



/,(<;) _ / 2/3 for g = d 
M 1 forges. 



(70) 
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Consequently a non-trivial mixing phase arises only in the Bd system. 

In general the observable ^j-'^'' suffers from large hadronic uncertainties that are 



introduced through the hadronic matrix elements appearing in (^9|). However, there 
is a very important special case where these uncertainties cancel and theoretical 
clean predictions of <^j'^'' are possible. 

3.2.2. Dominance of a Single CKM Amplitude 

If the transition matrix elements appearing in ( |69|) are dominated by a single CKM 
amplitude, the observable ^j.''' takes the very simple form 



= T exp 



(71) 



f f) 

where the characteristic "decay" phase can be expressed in terms of angles of 
the UT as follows: 

(/) J —27 for dominant b uuf CKM amplitudes in — )■ / , , 

^ 10 for dominant b — > ccf CKM amplitudes in S° ^ /. ^ ' 

The validity of dominance of a single CKM amplitude and important phenomeno- 
logical applications of (|7|) will be discussed in the following subsections. 

3.3. The Bd System 

In contrast to the B^ system, the width difference is negligibly small in the B^ 
system. Consequently the expressions for the decay rates (^7|)-(|50|) simplify consid- 
erably in that case. 

3.3.1. CP Asymmetries in B^ Decays 

Restricting ourselves, as in the previous subsection, to decays into final CP eigen- 
states I/) satisfying (^2|), we obtain the following expressions for the time-dependent 
and time-integrated CP asymmetries: 

^ /;t) . nB^.if)^f)-nm-f) 

T{Bl(t)^f)+T{B^,(t)^f) 
= A^^ [Bd ^ f) cos(AMrft) + A'^Sp-'^^Bd ^ /) sin(AAfrfO (73) 

/di [r(i?o(t)^/)-r(sS(0-/) 

acp(Sd -> /) = ^ — 

jdt T{Bl{t)^f)+T{B%t)^f) 
'- -' 

= [^OT (Bd^f)+Xd ^gr'"^ {Bd - /)] , (74) 
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where the direct CP- violating contributions 



1 - 



Ad) 



Ad) 



(75) 



have been separated from the mixing-induced CP-violating contributions 



1 + 



Ad) 



(76) 



Whereas the former observables describe CP violation arising directly in the corre- 
sponding decay amplitudes, the latter ones are due to interference between 
mixing- and decay-processes. Needless to say, the expressions ( [73| ) and (|7|) have 
to be modified appropriately for the Bg system because of AFs/r^ = 0(20%). In 
the case of the time-dependent CP asymmetry (^) these effects start to become 
important for t~2/Ars. 



3.3.2. CP Violation in Bd J/ijjKs: the "Gold-plated" Way to Extract (3 

The channel B^ — > J/ip Kg is a transition into a_CP eigenstate with eigenvalue — 1 
and originates from ab—> ccs quark-level decayEJ. Consequently the corresponding 
observable ^Ip^^ can be expressed as 



+e 



-2i(3 
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(77) 



where A^^ denotes the QJ*2 current-current operator amplitude and A^l^ (^pcn) 
corresponds to contributions of the penguin-type with up- and top-quarks (charm- 
and top-quarks) running as virtual particles in the loops. Note that within this 
notation penguin-like matrix elements of the QJ*2 operators like those depicted in 
Fig. H are included by definition in the A'^^^ amplitude, whereas those of Q"^2 show 
up in Ap*„. The primes in (|7^) have been introduced to remind us that we are 
dealing with ab^s mode. Using the modified Wolfenstein parametrization (p^), 
the relevant CKM factors take the form 



v^'^ = AX^Rb e-'\ vi'^ = AA^ (l - A^/Z) 



(78) 



and imply that the A^l^ contribution is highly CKM suppressed with respect to the 
part containing the current-current amplitude. The suppression factor is given by 



vi'^/vi"^ ^X^Rb- 0.02. 



(79) 



An additional suppression arises from tha fact that „ is related to loop processes 
that are governed by Wilson coefhcientsEj of 0(10"^). Moreover the color-structure 



The Bd System 21 



of Bd — + J/ip Kg leads to further suppression! The point is that the c- and c- 
quarks emerging from the giuons of the usual QCD penguin diagrams form a color- 
octet state and consequently cannot build up the J/tp which is a cc color-singlet 
state. Therefore additional giuons are needed - the corresponding contributions 
are very hard to estimate - and EW penguins, where the former color-argument 
does not hold, may be the most important penguin contributions to Bd ^ J/ip Kg . 
The suppression of Vu ^A^'^^^ relative to Vc^\A'^'^ + A^^^) is compensated slightly 
since the dominant current-current amplitude A'^^ is color-suppressed by a 



phenomenological color-suppression facto 
is suppressed b 
conclude that ^, 



rEI-il 



02 



0.2. However, since Vu A 



pen 



is suppressed by three sources (CKM-structure, loop effects, color-structure), we 
'■0Kg nevertheless given to an excellent approximation by 
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yielding 



Acp{Bd 



A mix-ind / 



J/^Ks 



- sin(2/3) . 



(80) 



(81) 



Consequently mixing-induced CP violation in Bd J/tp Ks measures sin(2/3) to 
excellent accuracy. Therefore that decay is usually referred to as the ^igojd-plated" 
mode to determine the UT angle (3. For other methods see e.g. Refs.l 



3.3.3. CP Violation in Bd — » tt+tt and Extractions of a 

In the case of Bd — > tt+tt^ we have to deal with the decay of a Bd-meaon into a 
final CP eigenstate with eigenvalue -1-1 that is caused by the quark- level process 
b —^ uud. Therefore we may write 
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(82) 



where the notation of decay amplitudes is as in the previous discussion of Bd 
J/tp Ks- Using again (p^), the CKM factors are given by 



Jd) 



The CKM structure of (^2|) is very different form ^^'^^ ■ In particular the pieces con- 
taining the dominant Q"/2 current-current contributions A^^ are CKM suppressed 
with respect to the penguin contributions Ap^n by 



-27 



'AX'' 



(83) 



Kb w 0.36 . 



(84) 



In contrast to Bd J/tpKa,^ in the Bd tt+tt^ case the penguin amplitudes are 
only suppressed by the corresponding Wilson coefficients ©(lO"'^) and not addi- 
tionally by the color-structure of that decay. Taking into account that the current- 
current amplitude A"^ is color-allowed and using both (§3) and characteristic values 
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of the Wilson coefficient functions, one obtains 



/let 



Vu ^ + ^pen) 



0(0.15) 



and concludes that 
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Vu ' (^cc + ^pcn) 
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(86) 



may be a reasonable approximation to obtain an estimate for the UT angle a from 
the mixing-induced CP-violating observable 



A, 



mix-md 
CP 



{Bd 



— sin(2Q!). 



(87) 



Note that a measurement of A^^i^d tt+tt^) ^ would signal the presence of 
penguins. We shall come back to this feature later. 

The hadronic uncertainties affecting the extraction of a from CP violation in 
were analyzed_hj2_many authors in the previous literature. A selection 



of papers is given in RefsB3'Ell. As waa_pointed out by Gronau and LondonEa, the 
uncertainties related to QCD penguina^ can be eliminated with the help of isospin 
relations involving in addition to 



given by 



TT+TT also the modes Bd tt'^tt^ and 
The isospin relations among the corresponding decay amplitudes are 



A{B°i ^ TT+TT") + V2A(BS ^ 7r°7r°) 
A(b^ ^ vr+TT-) + \/2A(B0 ^ 7r%0) 



V2A{B+ tt+tt") 
V2A{B- ^ n-n") 



(89) 



and can be represented as two triangles in the complex plane that allow the ex- 
traction of a value of a that does not suffer from QCD penguin uncertainties. It 
is, however, not possible to control also the EW penguin uncertainties using that 
isospin approach. The point is up- and down-quarks are coupled differently in EW 
penguin diagrams because of their different electrical charges (see (|8|)). Hence one 
has also to think about the role of these contributions. We shall come Imck to that 
issue in Section 5, where a more detailed discussion of the GL methodEa in light of 
EW penguin effects will be given. 

An experimental problem of the GL method is related to the fact that it requires 
a measurement of BR{B^'^ tt^tt^) which may be smaller than 0(10"^) because of 
color-suppression effectsEa. Therefore, despite of its attractiveness, that approach 
may be quite difficult from an experimental point of view and it is important to 
have alternatives available to determine a. Needless to say, that is also required 
in order to over-constrain the UT angle a as much as possible at future -B-physics 
experiments. Fortunately such methods are already on the market. For example, 
Snyder and QuinnEj suggested to use B — > p7r modes to extract a. Another method 
was proposed by Buras and myselfES. It requires a simultaneous measurement 
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of A^^-'^^^iBd TT+n~) and A^^-'^^^iBd K"K°) and determines a with the 
help of a geometrical triangle construction using the SU{5) flavor symmetry of 
strong interactions. The accuracy of that approach is limited by S'C/(3)-breaking 
corrections which cannot be estimated reliably at present. Interestingly the penguin- 
induceddecay Bd K^K'^ may exhibit CP asymmetries as large as 0(30%) within 
the SME3. This feature is due to_interference between QCD penguins with internal 
up- and charm-quark exchangesE3. In the absence of these contributions, the CP- 
violating asymmetries of Bd K'^K^ would vanish and "New Physics" would be 
required (see e.g. Ref.lHl) to induce CP violation in that decay. 

Before discussing other methods to deal with the penguin uncertainties affecting 
the extraction of a from the CP-violating observables of Bd vr+vr^, let us next 
have a closer look at the above mentioned QCD penguins with up- and charm-quarks 
running as virtual particles in the loops. 



3.3.4. Penguin Zoology 

The general structure of a generic b q {q E {d, s}) penguin amplitude is given by 

P^'^ = Vu,v:, Pi'^^ + Pi«) + Vt,V,l P,(') , (90) 

where Pi'^\ Pi"^' and P^"^^ are the amplitudes of penguin processes with internal up-, 
charm- and top-quark exchanges, respectively, omitting CKM factors. The penguin 



amplitudes introduced in (|77| ) and (|82| ) are related to these quantities through 
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Using unitarity of the CKM matrix yields 
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(91) 



(92) 



where the relevant CKM factors can be expressed with the help of the Wolfenstein 
parametrization as follows: 

VcdV:, - -AlKbl (1 + O (A*)) , VtdV^t, = \Vtd\e-'^, (93) 
^csV;, = |Kb|(l + 0(A2)), yt,K*6 = -|Kfc|(l + 0(A2)). (94) 
The estimate of the non- leading terms in A follows Ref.0. Omitting these terms 



and combining (^2|) with ( |93| ) and (|9J), the h ^ d and b s penguin amplitudes 
take the form 
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where the notation 



pil) = pil) _ pil) 

9192 ~ 91 92 



(95) 
(96) 

(97) 



24 CP Violation in Non-leptonic B-Meson Decays 




Figure 5: The dependence of lAP'^H on k'^/m^. 



has been introduced and 
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describes the contributions of "subdominant" penguins with up- and charm-quarks 
running as virtual particles in the loops. In the limit of degenerate unhand charm- 
quark masses, AP'^'^-' would vanish because of the GIM mechanismll3. However, 
since m„ « 4.5 MeV, whereas nric ~ 1.4 GeV, this GIM cancellation is incomplete 
and in principle sizable effects arising from AP'^''^ could be expected. 

Usually it is assumed that the penguin amplitudes (95) and ( p6| ) are dominated 
by internal top-quark exchanges, i.e. AP(«) « 0. That is an excellent approximation 
for EW penguin contributions which play an important role in certain B decays only 
because of the large top-quark mass (see Section 4). However, QCD penguins with 
internal up- and charm-quarks may becorne important as is indicated by model 
calculations at the perturbative quark-leveS. Neglecting the - in that case - tiny 
EW penguin contributions and using (|2^) with the Wilson coefficient functions ( p8| ) 
to simplify the following discussion, a straightforward calculation yieldst^ 



Ap(9) 



G{mc, k, fi) ~ G{mu, fc, fi) 
E{xt) + jln(^^)~G{m^,k,fi) 



(99) 



Note that the 1^' sum in the penguin amplitude (^) corresponds to penguins with 
internal top-quarks, whereas the piece containing [10/9 — G{mj, k, /i)] describes the 
penguin contributions with internal j-quarks (j € {u,c}). 

Within the approximation (^9|), which does not depend on the flavor label q, the 
strong phase of AP*^'^ is generated exclusively through absorptive parts of time- 
like penguin diagrams with internal up- and charm-quarks following the pioneering 
approach of Bander, Silverman and SoniE3. Whereas the /i-dependence cancels 
exactly in (|9|) , this estimate of AP^''^ depends strongly on the value of fc^ denoting 
the four-momentum of the gluon appearing in the QCD penguin diagram depicted in 
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Fig. ^. This feature can be seen in Fig. ||, where that dependence is shown. Simple 



kinematical cons 
"physical" range! 



;8 61 6; 



ions at the quark-level imply that k should lie within the 
1 . fc2 . 1 



9-„- (100) 

A detailed discussion of the fc^-dependence can be found in Ref.il. 

Looking at Fig. ||, we observe that AP^'^'> may lead to sizable effects for such 
values of k^. Moreover QCD penguin topologies with internal up- and charm- 
quarks contain - as can be seen easily by drawing the corresponding Feynman 
diagrams - also long-distance corilributions, such as the rescattering process i?° 
{D^D^} TT+TT^ (see e.g. Ref.Ea), which are very hard to estimate. Such long- 
distance contributions were discussed in the context of extracting Vtd from radiative 
B decays in Ref.E3 and are potentially very serious. Consequently it may not be 
justified to neglect the AP'^'^^ terms in ( |95| ) and (Q). An important difference 
arises, however, between these two amplitudes. While the UT angle /3 shows up in 
the b ^ d case, there is only a trivial CP-violating weak phase present in the 6 — > s 
case. Consequently AP*^''^ cannot change the general phase structure of the b ^ s 
penguin amplitude P^'^\ However, if one takes into account also QCD penguins 
with internal up- and charm-quarks, the b d penguin amplitude P^'') is no longer 
related in a simple and "clean" way through 



(101) 



to /?, where (5p ' is a CP-conserving strong phase. This feature may affectcS some of 
the strategies to extract CKM phases with the help of SU{3) amplitude relations 
that will be discussed later in this review. 



An interesting consequence of (|96|) is the relation P^"^ = P('*) between the & ^ s 



QCD penguin amplitude and its charge-conjugate implying that penguin-induced 
modes of this type, e.g. the decay Bd^ <t> Ks, should exhibit no direct CP violation. 
Applying the formalism developed in Subsection 3.2, one finds that 



-xZ-i^s) - - sin(2/3) (102) 

measures the UT angla /LJWithin the SM, small direct CP violation - model calcu- 
lations (see e.g. Refs.cJ'EaE3) indicate asymmetries at the 0(1%) level - may arise 



from the neglected 0{\ ) terms in (M) which also limit the theoretical accuracy of 



(102). An experimental comparison between the mixing- induced CP asymmetries 
of Bd J/t/j Kg and Bd ^ (f> Kg , which should be equal to very good accuracy 
within the SM, would be extremely interesting since the latter decay is a "rare" 
FCNC process and may hence be very sensitive to physics beyond the SM. 

3.3.5. Another Look at Bd — » tt+tt^ and the Extraction of a 

The "penguin zoology" discussed above led Mannel and myself to reanalyze the 
decay Bd ■k~^'it~ without assuming dominance of QCD penguins with internal 
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top-quark exchanged 



To this end it is useful to introduce 



and to expand the CP-violating observables (|7^) and (|7^) corresponding 
TT+vr^ in powers of Pid)/T and P'-'^yT, which should satisfy the estimate 



p(d) 




p(d) 


T 




T 



0.07- 0.23, 



and to keep only the leading terms in that expansion: 

IPI 



Acl>{Bd TT+TT") = 2\Rt\-^ sin (5 sin a 



O 



{{P^^^Tf) 



A. 



CP 



\Bd ^ TT+TT-) 



IPI 



sm.2a-2\Rt\^cos5 cos 2a sin a + O [{P'^'^y Tf 



(103) 
Bd ^ 

(104) 

(105) 
(106) 



Similar expressions were also derived by Gronau in Ref.El. However, it has not 



been assumed in ( |105D and (|106|) that QCD penguins are dominated by internal 
top-quark exchanges and the physical interpretation of the amplitude P is quite 
different from Rcf.E3. This quantity is given by 



P = 



1 - AP^"*) 



cb\ 



P. 



(107) 



and 5 appearing in (105) and ( |106D is simply the CP-conserving strong phase of 
P/T. If we compare (107) with (|95|) and (|9^), we observe that it is not equal to 
the amplitude P^"*-* - as one would expect naively - but that its phase structure 
corresponds exactly to the h ^ s QCD penguin amplitude e^'^P^^\ 



The two CP-violating observables (105) and (106) depend on the three "un- 
knowns" a, 6 and |P|/|r| (strategies to extract the CKM factor Rt arc discussed in 
Ref E and A is the usual Wolfcnstcin parameter) . Consequently an additional input 
is needed to determine a from ( 105 ) and (106). Taking into account the discussion 
given in the previous paragraph, it is very natural to use the SU (3) flavor symmetry 
of strong interactions to accomplish this task. In the strict SU (3) limit one does not 
distinguish between down- and strange-quarks and |P| corresponds simply to the 
magnitude of the decay amplitude of a penguin-induced & — > s transition such as 
P+ ~* TT+if" with an expected branching ratioH of 0(10"^). On the other hand, 
\T\ can be estimated from the rate of P+ Tr+vr" by neglecting color-suppressed 
current-current operator contributions. Following these lines one obtains 




1 BR(P^ 



2 BR{B+ tt+ttO) ' 



(108) 



where /,r and /k are the tt- and if-meson decay constants, respectively, taking into 
account factorizable S'J7(3)-breaking. That relation allows the extraction both of 



The Bd System 27 



a and S from the measured CP- violating observables (105) and (106). Problems 
of this approach arise if a is close to 45° or 135°, where the expansion ( |106| ) for 
^mDc-indj-^^ _^ ^+^-^ breaks down. Assuming a total theoretical uncertainty of 



30% in the quantity r = 2Ai?t|P|/|T| governing (105) and ( |106D , an uncertainty of 
± 3° in the extracted value of a is expected if a is not too close to these singular 
pointa2j. For values of a far away from 45° and 135°, one may even have an 
uncertainty of ± 1° as is indicated by the following example: Let us assume that the 
CP asymmetries are measured to be A^piBd tt+tt") = + 0.1 and A^^-'^'^iBd 



) = — 0.25 and that (108) gives r = 0.26. Assuming a theoretical uncertainty 



of 30% in r, i.e. Ar = 0.04, and inserting these numbers into (10£) and (106) gives 
a = (76 ± 1)° and S = (24 ± 4)°. On the other hand, a naive analysis using ( |87| ) 
where the penguin contributions are neglected would yield a — 83°. Consequently 
the theoretical uncertainty of the extracted value of a is expected to be significantly 
smaller than the shift through the penguin contributions. Since this method of 
extracting a requires neither difficult measurements of very small branching ratios 
nor complicated geometrical constructions it may turn out to be very useful for the 
early days of the _B-factory era beginning at the end of this millennium. 

3.3.6. A Simultaneous Extraction of a and 7 

Recently it has been pointed out by Dighe, Gronau and Rosneiil that a time- 
dependent measurement of Bd —^ tt+tt" in combination with the branching ratios for 
7r^/f+, 5+ TT^K^ and their charge-conjugates may allow a simultaneous 
determination of the UT angles a and 7. These decays provide the following six 
observables Ai,. . . ,Aq: 

r(B2(t) -> TI+TT-) + T(Bl{t) -> TT+TT") = 3-^^' Al (109) 

V{B%t) ^ vr+TT-) - r(BO(t) ^ TT+TT-) = e-r^* [A2C0s(AMdi) 

.43 sin(AMdi)] (110) 

r(SS^7r-if+) + r(B^^TT+i^-) = A4 (111) 

T{B° TT-K+) - r(B^ n+K-) = A5 (112) 

r{B+ ^TT+K'^)+T{B- ^TT-K^) ^ Ae. (113) 

Using SU{3) flavor symmetry of strong interactions, neglecting annihilation ampli- 
tudes, which should be suppressed by 0{fB^/MB^) with Jb^ ~ 180 MeV, and as- 
suming moreover that the b d QCD penguin amplitude is related in a simple way 
to (3 through (101), i.e. assuming top-quark dominance, the observables Ai, . . . ,Aq 



8 



can be expressed in terms of six "unknowns" including a and 7. However, as we have 
outlined above, it is questionable whether the last assumption is justified since (n 
may be affected by QCD penguins with internal up- and charm-quark exchanges! 
Consequently the method proposed in RefE3 suffers from theoretical limitations. 
Nevertheless it is an interesting approach, probably mainly in view of constraining 
7 which is the most difficult to measure angle of the UT. In order to extract that 
angle, B^ decays play an important role as we will see in the following subsection. 
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3.4. The Bs System 

The major phenomenological differences between the Bd and Bs systems arise from 
their mixing parameters ( p9| ) and from the fact that at leading order in the Wolfen- 
stein expansion only a trivial weak mixing phase ( |70| ) is present in the B^ case. 

3.4.1. CP Violation in Bs p"Ks: the "Wrong" Way to Extract 7 

Let us begin our discussion of the Bs system by having a closer look at the transition 
Bg — > p'^Kg which appears frequently in the literature as a tool to extract 7. It 
is a Bs decay into a final CP eigenstate with eigenvalue —1 that is (similarly as 
the Bd ^ TT+vr^ mode) caused by the quark- level process b uud. Hence the 
corresponding observable ^^0^^ can be expressed as 



Ad) 



,(d) 



Act 

•^pcn 



.,id> 



id)' 



Act 
•^pcn J 



(114) 



where the notation is as in 3.3.3. The structure of (114) is very similar to that of the 
observable given in (|8^). However, an important difference arises between 

Bd 7r"'"7r~ and Bs —> p^K^: although the penguin contributions are expected 
to be of equal order of magnitude in (p2|) and (114), their importance is enhanced 



in the latter case since the current-current amplitude yl"^ is color-suppressed by 



a phenomenological color-suppression factorE 



Consequently, using 



in addition to that value of 02 characteristic Wilson coefficient functions for the 



penguin operators and 



This estimate implies that 



As) 



for the ratio of CKM factors, one obtains 



^pcn 



id) 



= 0(0.5). 



Vu (v^cc + -^pcn) 



(d)* 
Vu 



{A- 



Aut \ 
•^pcn J 



(115) 



(116) 



is a very bad approximation which should not allow a meaningful determination of 7 
from the mixing- induced CP-violating asymmetry arising in Bs P^Ka,. Needless 
to note, the branching ratio of that decay is expected to be of 0(10^^) which makes 
its experimental investigation very difficult. Interestingly there are other Bs decays 
- some of them receive also penguin contributions - which do allow extractions of 
7. Some of these strategies are even theoretically clean and suffer from no hadronic 
uncertainties. Before focussing on these modes, let us discuss an experimental 
problem of Bs decays that is related to time-dependent measurements. 



3.4.2. The Bs System in Light o/APs 

The large mixing parameter Xg = 0(20) that is expectedEi within the SM implies 
very rapid B'^ — B^ oscillations requiring an excellent vertex resolution system to 
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keep track of the AM^i terms. That is obviously a formidable experimental task. 
It may, however, not be necessary to trace the rapid AMst oscillations in order to 
shed light on the mechanism of CP violations. This remarkable feature is due to 
the expected sizable width difference AFg which has been discussed at the end of 
Subsection 3.1. Because of that width difference already untagged rates, which 
are defined by 

r[/(t)] ^ r(s°(<) ^ /) + Tim) - /), (117) 

may provide valuable information about the phase structure of the observable ^ 



This can be seen nicely by rewriting (117) with the help of ( [47[ ) and 
explicit way as follows: 

^ 2^ 



m a more 



r[/(i)] « 



1 



(118) 

In this expression the rapicLDScillatory AM^t terms, which show up in the tagged 
rates (BtI) and (Esl), canceci. 



Therefore it depends only on the two exponents 
and e"'^^ From an experimental point of view, such untagged analyses 
are clearly much more promising than tagged ones in respect of efficiency, acceptance 
and purity. 

In order to illustrate these untagged rates in more detail, let us consider an 
estimate of 7 using untagged Bs — + K^K^ and Bg K'^K'^ decays that has been 
proposed recently by Dunietz and myselfS. Using the SU{2) isospin symmetry of 
strong interactions to relate the QCD penguin contributions to these decays (EW 
penguins are color-suppressed in these modes and should therefore play a minor 
role as we will see in Sections 4 and 5), we obtain 



T[K+K-{t)] cx |Pf 



and 



where 



,1 — 2 \r \ cos Q cos 7 - 



|rpcos^7)e ^ 



|rp sin^ 7 e 



TlK'^K^it)] cx iPfe 



n 
ip'i 



(119) 
(120) 

(121) 



Here we have used the same notation as Gronau et al. in Ref.E3 which will turn out 
to be very useful for later discussions: P' denotes the b ^ s QCD penguin amplitude 
corresponding to (p6|), T' is the color-allowed b —>■ uus current-current amplitude, 
and 5pi and St' denote the corresponding CP-conserving strong phases. The primes 
remind us that we are dealing with b s amplitudes. In order to determine 



7 from the untagged rates (119) and ( 120 ), we need an additional input that is 
provided by the SU (3) flavor symmetry of strong interactions. Using that symmetry 



and neglecting as in ( 108 ) the color-suppressed current-current contributions to 
_B+ tt+tt'^, one finds 



\T'\^ X^V2\A{B^ 



(122) 
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where A is the usual Wolfenstein parameter, ]kI J-n takes into account factorizable 
5[/(3)-breaking, and yl(_B+ 7r+7r°) denotes the appropriately normalized decay 
amplitude of i?+ -k^-k^. Since |P'| is known from the untagged Bg K'^ K*^ 



rate (|12Cl|), the quantity |r| = |r'|/|P'| can be estimated with the help of (122) and 



allows the extraction of 7 from the part of ( |ll9| ) evolving with exponent e^'^H *. As 
we will see in a moment, one can even do better, i.e. without using an SU (3)-based 
estimate like (122), by considering the decays corresponding to Bg KK wheie 
two vector mesons or appropriate higher resonances are present in the final statesEZI. 



3.4.3. An Extraction of using Bs ^ K*+ K*- and Bs ^ K*°K*° 

The untagged angular distributions of these decays, which take the general form 



[f{9, ct,, i,- 1)\ = [^^'^ (^) + ^^'^ 5^'^ 



(123) 



provide many more observables than the untagged modes Bg K~ and Bs — > 

K'^K^ discussed in 3.4.2. Here 9, (j> and ■0 are generic decay angles describing the 
kinematics of the decay products arising in the decay chain Bg K* {-^ ttK) K* {-^ 
ttK) . The observables fo^*-') {t) + 6^'"'^ {t) governing the time-evolution of the un- 
tagged angular distribution ( |123D are given by real or imaginary parts of bilinear 
combinations of decay amplitudes that are of the following structure: 



A){t)Af{t) ^{{K*K*)f\n,s\BO{t)) {{K*K*)^\n,f,\BO{t) 



>f 



K*K*)j iT^effl i3."(t)) ({K*K*)^ iHeffI S°(t) 



(124) 



In this expression, / and / are labels that define the relative polarizationiLof K* and 
K* in final state configurations [K*K*) j_. (e.g. hnear polarization stated^ {0, ||, -L}) 

with CP eigenvalues Tj^p- 



(CV) {K*K* 



K*K* 



(125) 



An analogous relation holds for /. The observables of the angular distributions for 
Bs K*+K*- and Bs K*"'K*° are given explicitly in Ref.H. In the case of 
the latter decay the formulae simplify considerably since it is a penguin-induced 
b — > sdd mode and receives therefore no tree contributions. Using, as in (119) and 



(120), the SU(2) isospin symmetry of strong interactions, the QCD penguin contri- 
butions to these decays can be related to each other. If one takes into account these 
relations and goes very carefully through the observables of the corresponding un- 
tagged angular distributions, one finds that they allow the extraction of 7 without 
any additional theoretical inputEll. In particular no SU{3) symmetry arguments are 
needed and the SU (2) isospin symmetry suffices to accomplish this task. The angu- 
lar distributions provide moreover information abo ut the hadronization dynamics 
of the corresponding decays, and the formalismEll developed for Bg K*^K*~ 
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applies also to —> p^(j) if one performs a suitable replacement of variables. Since 
that channel is expected to be dominated by EW penguins as discussed in Subsec- 
tion 4.3, it may allow interesting insights into the physics of these operators. 

3.4.4. Bs — > D*^ D*^ and Bs — + J/ipcfi: the "Gold-plated" Transitions to Extract rj 

The following discussion is devoted to an analysis^ of the decays Bs 
D+7)D;-(^ D-j) and ^ J/i/'(^ l+l-)<j){-^ K+K'), which is the counter- 
part of the "gold-plated" mode Bd J/4' Ks to measure f3. Since these decays are 

(s) 

dominated by a single CKM amplitude, the hadronic uncertainties cancel in Q 
(see 3.2.2) taking in that particular case the following form: 

^J"*) = -j^^pe^-^CKM . (126) 
Consequently the observables of the untagged angular distributions, which have 



the same general structure as (125), simplify considerablyl£3. In (126), / is - 
as in (124) and (|l25| ) - a label defining the relative polarizations of Xi and X2 
in final state configurations {Xi X2) f with CP eigenvalue rj^p, where {Xi,X2) E 
{(£»*+,£>*-), [J/tp, 0)}- Applying (Ij in combination with (^ and (||), the CP- 
violating weak phase (/jckm would vanish. In order to obtain a non-vanishing result 
for that phase, its exact definition is 

0CKM = -2 [sirgiV;sVtb) - arg{V:sV,b)] , (127) 

we have to take into account higher order terms in the Wolfenstein expansion of 
the CKM matrix yielding 0ckm = 2X^ri = 0(0.03). Consequently the small weak 
phase 0CKM measures simply r] which fixes the height of the UT. Another interesting 
interpretation of (|127|) is the fact that it is related to an angle in a rather squashed 



and therefore "unpopular" unitarity triangldia. Other useful expressions for (127) 
can be found in Ref.L2l. 

A characteristic feature of the angular distributions for Bs Z?*^!?*^ and 
Bs ^ J/i^ (t> is interference between CP-even and CP-odd final state configurations 
leading to untagged observables that are proportional to 



(e-^^ *-e-^« 'jsin0cKM. (128) 

As was shown in Ref.0, the angular distributions for both the color-allowed channel 
Bs Dl'^Dl' and the color-suppressed transition Bs — > Jli'4' each provide sepa- 
rately sufficient information to determine (/)ckm from their untagged data samples. 
The extraction of i^ckm is, however, not as clean as that of (3 from Bd J/ipKs- 
This feature is due to the smallness of (t>cKM with respect to (3, enhancing the im- 
portance of the unmixed amplitudes proportional to the CKM factor V*s Vut which 
are similarly suppressed in both cases. 

(s) (s) 

Within the SM one expects a very small value of 0ckm andV'j^' < r£'. However, 
that need not to be the case in many scenarios for "New Physics" (see e.g. Ref.Eil). 
An experimental study of the decays Bs — > D*s'^D*s~ and Bs Jl'^<l> niay shed 
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light on this issuetZI, and an extracted value of (/)ckm that is much larger than 
0(0.03) would most probably signal physics beyond the SM. 

3.4.5. Bs Decays caused by b ^ ucs (b — > cus) and Clean Extractions of j 

Exclusive Bg decays caused by & — > ucs (b — > cus) quark-level transitions belong to 
decay class iii) introduced in Subsection 2.1, i.e. are pure tree decays receiving no 
penguin contributions, and probeO the UT angle 7. Their transition amplitudes 
can be expressed as hadronic rnatrix elements of low energy effective Hamiltonians 
having the following structures^: 



TiesiBO f) = r^v[o,Ci{ti) + O2 C2 (m)] 



Ti-csiB^ f) 



0\C,{ii) + 0lC2{ii) 



(129) 
(130) 



Here / denotes a final state with valence-quark content sues, the relevant CKM 
factors take the form 



V = V*Vcb = A\\ V = V*Vub = AX'^Rb e- 



(131) 



where the modified Wolfenstein parametrization ( [To| ) has been used, and Ok and 
Ok denote current-current operators (see (p^)) that are given by 

Ol = (SaU/3)v_A iyba)v-A ' = (Sa"a)v-A (c/3&/3)v-A ' (132) 

Ol = {SaCi3)y_j^{upba)y_j^, O2 = (SaCa)v-A ('"/9^/3)v-A • 



Nowadays the Wilson coefficient functions Ci(/i) ai 
and the corresponding results can be found in Refs.lil 



) are available at NLO 



Performing appropriate CP transformations in the matrix element 



(^f\oli^i)c^i^i) + olifl)C2i^i) 



B" 



(^f\icv)Hcv) [ol{p)Ci{t,) + ol{p)C2{fi)] {cr)\cr)\B°) (133) 

e'^CFiB.) (j^Oi{fl)Ci{fi) + 02{fl)C2{fl) 



where (39) and the analogue of (p6f) have been taken into account, gives 



/ 

1 Gf 



AiB^g ->/) = (/ |Hcff(i?° - /)| S.") -^^M 
^(5° -/) = (/ |Weff(B° - /)| - e^*cp(s.)^ „*M_ 
with the strong hadronic matrix elements 

Mf = (/|Oi(Ai)Ci(Ai) + 02(M)C2(Ai) Br 

Mj = (j 0l{^L)Cl{^l) + 02(a*)C2(m) ' 



(134) 
(135) 

(136) 
(137) 
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Consequently, using in addition (57) and (70), the observable defined in (|5^ ) is 



given by 



^-e-"PM—-:i± = -e-''' — -^. (138) 
V* Mj RbMj ' 



Note that (f)cp{Bs) cancels in (13S) which is a nice check. An analogous calculation 
yields 

f ^ - ,( = ) V M-J M-F 

V v*Mf Mf ^ ' 

If one measures the tagged time-dependent decay rates (p7|)-(p0|), both ^j*'' and 
can be determined and allow a theoretically clean determination of 7 since 

^<f '^ ■ ^^'^ = e-^'-^ . (140) 

There are by now well-known strategies on the market using time-evolutions of 

- _ _ _ . . 

Bs modes originating from b — > ucs {b — > cus) quark-level transitions, e.g. Bg-^D 

, to extract 7. However, as we have noted already, in these 
methods tagging is essential and the rapid AMgt oscillations have to be resolved 
which is an experimental challenge. The question what can be learned from untagged 
data samples of these decays, where the AMgt terms cancel, has been investigated 
by DunietzEJ. In the untagged case the determination of 7 requires additional 
inputs: 

(-) (-) 

• Color-suppressed modes Bs^D" cj): a measurement of the untagged Bg 
D'j.cf) rate is needed, where D^. is a CP eigenstate of the neutral D system. 

(-) 

• Color- allowed modes Bg^ DfK^: a theoretical input corresponding to the 
ratio of the unmixed rates r{B^^ DjK+)/T{B^g 0^1:+) is needed. Thi 
ratio can be estimated with the help of the "factorization" hypothes 



isSa 

which may work reasonably well for these color-allowed channelsL 



Interestingly the untagged data samples may exhibit CP- violating effects that are 
described by observables of the form 

r[/(0] - r[7(t)] cx (e-^i^'^-e-^H *)sine/ sin 7. (141) 

Here is a CP-conserving strong phase. Because of the sin Qf factor, a non-trivial 
strong phase is essential in that case. Consequently the CP-violating observables 



(141) vanish within the factorization approximation predicting Qf g {0, tt}. Since 

factorization may be a reasonable working assumption for the color-allowed modes 

(-) , 

Bs^ DfK^, the CP-violating effects in their untagged data samples are expected 
to be tiny. On the other hand, the factorization hypothesis is very questionable for 

. 

the color-suppressed decays B^^^^D (f> and sizable CP violation may show up in the 
corresponding untagged rate; 
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Concerning such CP-violating effects and the extraction of 7 from untagged 

(-) , (-) <-) 

rates, the decays 5^— > D*^K*^ and Bg^D ' (f> are expected to be more promising 

than the transitions discussed above. As was shown in Ref.O, the time-dependences 
of their untagged angular distributions allow a clean extraction of 7 without any 
additional input. The final state configurations of these decays are not admixtures 
of CP eigenstates as in the case of the decays discussed in 3.4.3 and 3.4.4. They can, 
however, be classified by their parity eigenvalues. A characteristic feature of the 
corresponding angular distributions is interference between parity-even and parity- 
odd configurations that may lead to potentially large CP-violating effects in the 
untagged data samples even when all strong phase shifts vanish. An example of 
such an untagged CP-violating observable is the following quantityO: 

Im { [A}{t) A^it)] } + Im { [A^*{t) A^^{t)] } 

I'e-rir't _ e-rL''A cos((5/ - i?^) + cos((5_l - ??/)} sin 7. (142) 



In that expression bilinear combinations of certain decay^mplitudes (see (124)) 
show up, / G {0,11} denotes a linear polarization stateE3 and Sj, i9f are CP- 
conserving phases that are induced through strong final state interaction effects. 



For the details concerning the observable (142) - in particular the definition of the 



relevant charg&iionjugate amplitudes A'^ and the quantities \Rf \ - the reader is 
referred to Ref.O. Here I would like to emphasize only that the strong phases enter 
in the form of cosine terms. Therefore non-trivial strong phases are - in contrast to 



(141) - not essential for CP violation in the corresponding untagged data samples 

and one expects, even within the factorization approximation, which may apply to 

(— ) 

the color-allowed modes > K*^ , potentially large effects. 

Since the soft photons in the decays D* Dsl, D*^ D'^j are difficult to 
detect, certain higher resonances exhibiting significant all-charged final states, e.g. 
Dsi{2536)+ D*+K°, Di(2420)" ^ D*+n- with D*+ D"n+, may be more 
promising for certain detector configurations. A similar comment applies also to 
the mode D*+D*~ discussed in 3.4.4. 

To finish the presentation of the Bg system, let me stress once again that the un- 
tagged measurements discussed in this Subsection are much more promising in view 
of efficiency, acceptance and purity than tagged analyses. Moreover the oscillatory 
AA/^i terms, which may be too rapid to be resolved with present vertex technology, 
cancel in untagged Bs data samples. However, a lot of statistics is required and the 
natural place for these experiments seems to be a hadron collider (note that the 
formulae given above have to be modified appropriately for e"*" — e~ machines to 
take into account coherence of the B^ — B^ pair at T(5S)). Obviously the feasibility 
of untagged strategies to extract CKM phases depends crucially on a sizable width 
difference ATs. Even if it should turn out to be too small for such untagged anal- 
yses, oiiee AP^ 7^ has been established experimentally, the formulae developed 
in Refs.i3@ have also to be used to determine CKM phases correctly from tagged 
measurements. Clearly time will tell and experimentalists will certainly find out 
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which method is most promising from an experimental point of view. 

Let me conchide the review of CP violation in the neutral Bg systems with 
the following remark. We have considered only exclusive neutral B^-meson decays. 
However, also inclusive decay processes with specific quark-flavore,. e.g. b —^ uud 
or h — *■ CCS, may exhibit mixing-induced CP-violating asymmetriealj. Recently the 
determination of sin(2Q!) from the CP asymmetry arising in inclusive Bd decays i nto 
charmless final states has been analyzed by assuming local quark-hadron dualityE^I. 
Compared to exclusive transitions, inclusive decay processes have of course rates 
that are larger by orders of magnitudes. However, due to the summation over 
processes with asymmetries of alternating signs, the inclusive CP asymmetries are 
unfortunately diluted with respect to the exclusive case. The calculation of the 
dilution factor suffers in general from large hadronic uncertainties. Progress has 
been made in Ref. El, where local quark-hadron duality has been used to evaluate 
this quantity. From an experimental point of view, inclusive measurements, e.g. of 
inclusijiE decays caused by 5 ^ uud, are very difficult (see also M. Gronau's talk 
in Ref.E3) and their practical usefulness is unclear at present. 

3.5. The Charged B System 

Since mixing-effects are absent in the charged _B-meson system, non- vanishing CP- 
violating asymmetries of charged B decays would give unambiguous evidence for 
direct CP violation. Due to the unitarity of the CKM matrix, the transition ampli- 
tude of a charged B decay can be written in the following general form: 

A{B- -> /) = f 1 Ai e'"i + V2 A2 e^"= , (143) 

where Vi, V2 are CKM factors, Ai, A2 are "reduced", i.e. real, hadronic matrix 
elements of weak transition operators and ai, a2 denote CP-conserving phases 
generated through strong final state interaction effects. On the other hand, the 
transition amplitude of the CP-conjugate decay B^ f is given by 

A{B+ ^ 7) = v^Ai e^"i + v; A2 e^"2. (144) 

If the CP-violating asymmetry of the decay B ^ f is defined through 

_ TiB+ ^D-TjB- ^ f) 

-^"^ = r(s+^7) + r(B-^/)' ^'^'^ 



the transition amplitudes (|143|) and (144) yield 



2 Im(wii'2) sin(ai — 02)^1^2 
" \vi\^Al + \v2\^Al + 2 Re{viv*) cos(ai - ^2)^1^2 ' 

Consequently there are two conditions that have to be met simultaneously in order 
to get a non-zero CP asymmetry Acp- 

i) There has to be a relative CP-violating weak phase, i.e. Im(z;iz;2) ^ 0, between 
the two amplitudes contributing to B — > /. This phase difference can be 
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expressed in terms of complex phases of CKM matrix elements and is thus 
calculable. 



ii) There has to be a relative CP-conserving strong phase, i.e. sin(Q;i — ^ 0, 
generated by strong final state interaction effects. In contrast to the CP- 
violating weak phase difference, the calculation of ai — a2 is very involved 
and suffers in general from large theoretical uncertainties. 



These general requirements for the appearance of direct CP violation apply of course 
also to neutral Bq decays, where direct CP violation shows up as A^p 7^ (see ([TS])). 

Semileptonic decays of charged i?-mesons obviously do not fulfil point i) and 
exhibit therefore no CP violation within the SM. However, there are non-leptonic 
modes of charged B-mesons corresponding to decay classes i) and ii) introduced in 
Subsection 2.1 that are very promising in respect of direct CP violation. In decays 
belonging to class i), e.g. in i?+ 7r"A'+, non-zero CP asymmetries ( |145| ) may 
arise from interference between current-current and penguin operator contributions, 
while non-vanishing CP-violating effects may be generated in the pure penguin- 
induced decays of class ii), e.g. in K^K^, through interference between 
penguins with internal up- and charm-quark exchanges (see 3.3.4). 

In the case of 6 ^ ccs modes, e.g. B^ —f J/tpK'^, vanishing CP violation can 
be predicted to excellent accuracy within the SM because of the arguments given in 
3.3.2, where the "gold-plated" mode Bd J/'ijjKs has been discussed exhibiting 
the same decay structure. In general, however, the CP-violating asymmetries (146) 
suffer from large theoretical uncertainties arising in particular from the strong final 
state interaction phases ai and a2- Therefore CP violation in charged B decays 
does in general not allow a clean determination of CKM phases. The theoretical 
situation is a bit similar to Re(e'/£) discussed in Subsection 1.1, and the major goal 
of a possible future measurement of non-zero CP asymmetries in charged B decays 
is related to the fact that these effects would immediately rule out "superweak" 
models of CP violationQ. A detailed discussion of the corresponding calculations, 
which are rather technicaL is beyojid the scope of this review and the interested 
reader is referred to Refs.Ea^Ljl£j'Eil^E3 where further references can be found. 

Concerning theoretical cleanliness, there is, however, an important exception. 
In respect of extracting 7, charged B decays belonging to decay class iii), i.e. pure 
tree decays, play an outstanding role. Using certain triangle relations among their 
decay amplitudes, a theoretical clean determination of this angle is possible. 



3.6. Relations among Non-leptonic B Decay Amplitudes 

During recent years, relations among amplitudes of non-leptonic B decays have 
been very popular to develop strategies for extracting UT angles, in particular for 
the "hard" angle 7. There are both exact relations and approximate relations which 
are based on the SU (3) flavor symmetry of strong interactions and certain plausible 
dynamical assumptions. Let us turn to the "prototype" of this approach first. 
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A{B+ D°K+) v^4(S- ^ DlK-) 




Figure 6: Triangle relations among DK decay amplitudes. 



3.6.1. B DK Triangles 

Applying an appropriate CP phase convention to simplify the following discussion, 
the CP eigenstates \D\) of the neutral ZJ-meson system with CP eigenvalues ±1 
are given by 



so that the B^ D'^K^ transition amplitudes can be expressed aa 



V2A{B^ 
V2A{B- 



DlK- 



A{B+ 
A{B- 



D°K+)+A{B+ 
DOK-) + A{B- 



D"K-] 



(147) 



(148) 
(149) 



These relations, which are valid exactly, can be represented as two triangles in the 
complex plane. Taking into account that the B~^ DK^ decays originate from 
b — > ucs, cus quark-level transitions yields 



A{B+ 
A{B+ 



D''K+) = e''^\\V,b\Rb\a\e 
WK+) = \\VMe 



= e^'''A{B- D"K-) (150) 



A{B- D°K-), 



(151) 



where |a|, |^| are magnitudes of hadronic matrix elements of the current-current 
operators ( |132| ) and Aq, A^i denote the corresponding CP-conserving strong phases. 
Consequently the modes B^ D^K^ and 5+ D'^K^ exhibit no CP-violating 
effects. However, since the requirements for direct CP violation discussed in the 
previous subsection are fulfilled in the B^ D^K^ case because of (148), (149) 



and ( |150| ), (151), we expect 

\A{B+ - 



DlK+)\ ^ \A{B- D\K- 



(152) 



i.e. non-vanishing CP violation in that charged B decay. 

Combining all these considerations, we conclude that the triangle relations (148) 
and (14£), which are depicted in Fig. |^, can be used to extract 7 by measuring 
only the rates of the corresponding six processes. This approach was proposed by 
Gronau and Wyler in Ref.Ej. It is theoretically clean and suffers from no hadronic 
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uncertainties. Unfortunately the triangles are expected to be very squashed ones 
since B'^ D'-'K'^ is both color- and CKM-suppressed with respect to _B+ 
WK+: 

. ^ H ^ 0.36 ^-1 . 0.08. (153) 
\A{B+ ^ D^K+)\ \A\ ai 

Here oi, 02 are the usual phenonienological color-factors@0 satisfying! a^jax = 
0.26 ± 0.05 ± 0.09. Using the S'[/(3) flavor symm£try, the corresponding branching 
ratios can be estimated from the measured valueE3 (5.3 ± 0.5) • 10^'^ of BR(i?+ ^ 
7^7r+) to be BR(S+ ^ 1^K+) « 4 • IQ-* and BR(S+ D°K+) « 2 • 10"^. 
Another problem is related to the CP eigenstate of the neutral D system. It is 
detected through tt+tt", K'^K^ , . . . and is experimentally challenging since 

the corresponding BR x (detection efficiency) is expected to be at most of 0(1%). 
Therefore the Gronau-Wyler methoda will unfortunately be very difficult from an 
experimental point of view. A feasibility study can be found e.g. in Ref.E3. 

A vaxiant of the clean determination of 7 discussed above was proposed by 
DunietzS and uses the decays B° D\K*° , B^ 'Wk*°, B° D°K*° and their 
charge-conjugates. Since these modes are "self-tagging" through K~^n~ , no 

time-dependent measurements are needed in this method although neutral Bd de- 
cays are involved. Compared to the Gronau-Wyler approacto, both B^ D'^K*^ 
and i?° — > D^K*^ are color-suppressed, i.e. 

= ^ « ^ « 0.36. 154 

\A{B°^-> D"K*o)\ 02 

Consequently the amplitude triangles are probably not as as squashed as in the 
B^ — !■ DK^ case. The corresponding branching ratios are expected to be of 
0(10^'''). Unfortunately one has also to deal with the difficulties of detecting the 
neutral D-meson CP eigenstate . 

3.6.2. SU{3) Amplitude Relations 

In a series of interesting papersSS, Gronau, Hernandez, London and Rosner 



(GHLR) pointed out that the SU{3) flavor symmetry of strong interactionsEa - 
which appeared already several times in this review - can be combined with certain 
plausible dynamical assumptions, e.g. neglect of annihilation topologies, to derive 
amplitude relations among B decays into tttt, ttK and KK final states. These re- 
lations may allow determinations both of weak phases of the CKM matrix and of 
strong final state interaction phases by measuring only the corresponding branching 
ratios. 

In order to illustrate this approach, let me describe briefly the "state of the art" 
one had about 3 years ago. At that time it was assumed that EW penguins should 
play a very minor role in non-leptonic B decays and consequently their contributions 
were not taken into account. Within that approximation, which will be analyzed 
very carefully in Sections 4 and 5, the decay amplitudes for B {tttTjTtKjKK} 
transitions can be represented in the limit of an exact SU{S) flavor symmetry in 
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terms of five reduced matrix elements. This decomposition can also be performed in 
terms of diagrams. At the quark-level one finds six different topologies of Feynman 
diagrams contributing to i? — > {tttt, ttK, KK} that show up i n the corresponding 
decay amplitudes only as five independent linear combinationa£3H. In contrast to 
the classification of non-leptonic B decays performed in Subsection 2.1, these six 
topologies of Feynman diagrams include also three non-spectator diagrams, i.e. anni- 
hilation processes, where the decaying 6-quark interacts with its partner anti-quark 
in the i?-meson. However, due to dynamical reasons, these three contributions are 
expected to be suppressed relative to the others and hence should play a very mi- 
nor role. Consequently, neglecting these diagrams, 6 — 3 = 3 topologies of Feynman 
diagrams suffice to represent the transition amplitudes of B decays into tttt, ttK 
and KK final states. To be specific, these diagrams describe "color- allowed" and 
"color-suppressed" current-current pro cesses T (T') and C (C), respectively, and 
QCD penguins P {P')- As in RefsSES and in 3.4.2, an unprimed amplitude denotes 
strangeness-preserving decays, whereas a primed amplitude stands for strangeness- 
changing transitions. Note IhaLthe color-suppressed topologies C and C" involve 
the color-suppression factorca^ca 02 ~ 0.2. 

Let us consider the decays 5+ {tt+tt", tt^K'^, tt'^K^}, i.e. the "original" GRL 
methodEa, as an example. Neglecting both EW penguins, which will be discussed 
later, and the dynamically suppressed non-spectator contributions mentioned above, 
the decay amplitudes of these modes can be expressed as 

V2A(B+ tt+ttO) = - (T + C) 

A{B+ TT+K^) = P' (155) 

V2A{B+ 7r"K+) ^ -{T' + C' + P') 

with 

T =\T\e^^ e'^^, C = \C\e''' e'^^ . (156) 

Here St and Sc denote CP-conserving strong phases. Using the SU{3) flavor sym- 
metry, the strangeness-changing amplitudes T' and C can be obtained easily from 
the strangeness-preserving ones through 

where Jk and take into account factorizable S'J7(3)-breaking corrections as in 



(122). The structures of the b ^ d and b —i- s QCD penguin amplitudes P and 
P' corresponding to P^'''^ and P^^^ (see (^5]) and (|96|)), respectively, have been 
discussed in 3.3.4. It is an easy exercise to combine the decay amplitudes given in 
( |155[ ) appropriately to derive the relations 

V2A{B+ ^ 7r°K+) + A{B+ ir+K^) = r„V2 A(B+ ^ n+n^) (158) 
V2A{B- TT°K-) + A{B- TT-K^) = r^V2A{B- tt^tt"), (159) 



which can be represented as two triangles in the complex plane. If one measures 
the rates of the corresponding six decays, these triangles can easily be constructed. 
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2/ / r^^A(B~ ff-jr") 



Figure 7: Naive SU{3) triangle relations among _B+ {tt+tt'^, 7r+if °, tt^A'^ 
charge-conjugate decay amplitudes neglecting EW penguin contributions. 



} and 



Their relative orientation is fixed through A{B'^ tt'^K'^) = A{B^ ir^K^), 
which is due to the fact that there is no non-trivial CP-violating weak phase present 
in the 6 — > s QCD penguin amplitude governing i?+ n^K^ as we have seen in 
3.3.4. Taking into account moreover ( |156| ), we conclude that these triangles should 
allow a determination of 7 as can be seen in Fig. |^. From the geometrical point 



of view, that GRL approachE3 is very similar to the B 



DK^ constructior 



shown in Fig. ^. Furthermore it involves also only charged B decays and therefore 
neither time-dependent measurements nor tagging are required. In comparison 
with the Gronau-Wyler methods, at first sight the major advantage of the GRL 
strategy seems to be that all branching ratios are expected to be of the same order 
of magnitude 0(10"^), i.e. the corresponding triangles are not squashed ones, and 
that the difficult to measure CP eigenstate D'^ is not required. 

However, things are unfortunately_iiaL that simple and - despite of its attrac- 
tiveness - the general GHLR approachE§E3 to extract CKM phases from SU (3) am- 
plitude relations suffers from theoretical limitations. The most obvious limitation 
is of course related to the fact that the relations are not, as e.g. (148) or (149), valid 
exactly but suffer from S'[/(3)-breaking correctiona2J. While factorizable SU{3)- 
breaking can be included straightforwardly through certain meson decay constants 
or form factors, non-factorizable SU (3)-breaking corrections cannot be described in 
a reliable quantitative way at present. Another limitation is related to 6 — > d QCD 
penguin topologies with internal up- and charm-quark exchanges which may affect 
the simple relation (101) between f3 and the b ^ d QCD penguin amplitude P sig- 
nificantly as we have seen in 3.3.4. Consequently these contributions may preclude 
reliable extractions of /? using SU{3) amplitude relations and the assumption that 
b ^ d QCD penguin amplitudes are dominated_ 
(see also 3.3.6). Remarkably also EW penguinsE. 



nternal top-quark exchangesEj 
which we have neglected in 



Electroweak Penguin Effects in Non-leptonic B-Meson Decays 41 



5.0 



4.0 
3.0 

CM 

o 

^ 2.0 

E, 

O 1.0 



|C4(m,)|=|CeK)| 

C3{m,) 

— - C,{m,) 
— IC,{m,)| 
— - C,{m,) 



0.0 - 



-1.0 

100 125 150 175 200 225 250 
m, [GeV] 

Figure 8: The dependence of the Wilson coefficients ( p8| ) on the top-quark mass mt 
for fi — rrib and = 0.3 GeV corresponding to four active quark flavors. 



our discussion of SU (3) amplitude relations so far, have a very important impact 
on some SU{3) constructions, in particular on the GRL methocS of determin ing -7 
As we will see in Section 5, this approach is even spoiled by these contributiondHjO. 
However, there are other - generally more involved - SU{S) methods0-0 that are 
not affected by EW penguins. Interestingly it is in principle also possible to shed 
light on the physics of these operators by using SU (3) amplitude relations0@. This 
issue has been one of the "hot topics" in B physics over the last few years and will 
be the subject of the remainder of this review. Before we shall investigate the role 
of EW penguins in methods for extracting angles of the UT in Section 5, let us 
in the following section have a closer look at a few non-leptonic B decays that are 
affected significantly by EW penguin operators. 

4. Electroweak Penguin Effects in Non-leptonic B-Meson Decays 

Since the ratio a/ag = O(10~^) of the QED and QCD couplings is very small, one 
would expect that EW penguins should only play a minor role in comparison with 
QCD penguins. That would indeed be the case if the top-quark was not "heavy" . 
However, the Wilson coefficient of one EW penguin operator - the operator Qg 
specified in ( p^ ~ increases strongly with the top-quark mass as can be seen nicely 
in Fig. H There the mj-dependence of the coefficients ( psf ) , which correspond to the 
case where the proper renormalization group evolution from fi = 0{AIw) down to 
H = 0{mh) has been neglected, is shown. A very similar behavior is also exhibited 
by the NLO Wilson coefficientsE^. Consequently interesting EW penguin effects 
may arise from this feature in certain non-leptonic B decays because of the large 
top-quark mass that has been measuredEj'EHEl recently with impressive accuracyt£J 
by the CDF and DO collaborations to be mf°^'^ = (175 ± 6) GeV. The parameter 
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mt used in analyses of non-leptonic weak decays is, however, not equal to that 
measured "pole" massQ. In NLO calculations, mt refers to the running top-quark 
current-mass normalized at the scale /i — mt, i.e. mt{mt), which is typically by 
8 GeV smaller than mf°^'' for mt = 0(170 GeV). The EW penguin effects discussed 



104 



in the following subsections were pointed out first in RefsB3'EJo. Meanwhile they 
were confirmed by several other authorsBo^E^" 



4.1. EW Penguin Effects in B+ K+<j) and B+ tt+ K*^ 

The channels _B+ K^ip ^-nd tt+A'**^ originating from the penguin-induced 

6-quark decays b — > sss and b — > sdd, respectively, are very similar from a QCD point 
of view, i.e. as far as their QCD penguin contributions are concerned. This feature is 
obvious if one draws the corresponding Feynman diagrams which is an easy exercise. 
However, an important difference arises in respect of EW penguin contributions. We 
have to deal both with small color-suppressed and sizable color-allowed EW penguin 
diagrams. Whereas the former contributions are again very similar for _B+ K^<j) 
and B^ ■n'^K*^ , the color-allowed EW penguin contributions are absent in the 
B^ TT^K*'^ case mid contribute only to B^ — > K'^cj). Consequently significant 
EW penguin effectsE^ are expected in the mode B^ K^cj), while these effects 
should be negligible in the decay 5+ tt'^K*'^. 

This rather qualitative k ind of reasoning is in agreement with the results of 
certain model calculationsESE23, where the formalism scetcbed in Section 2 was 
applied in combination with the "factorization" hypothesisESCI. By factorization 
one means that the hadronic matrix elements of the four-quark operators appearing 
in the low energy effective Hamiltonian ( |l5|) are factorized into the product of 
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hadronic matrix elements of two quark-currents that are describedby a set of form 
factors. Usually the model proposed by Bauer, Stech and Wirbelcj (BSW) is used 
for these form factors and was also applied in Refs.t2lE£3. In contrast to color-allowed 
current-current processes, where "factorization" may work reasonably wellla, this 
assumption is questionable for penguin processes which are classical examples of 
non-factorizable diagrams. Nevertheless this approach may give us a feeling for the 
expected orders of magnitudes. Unfortunately a more reliable analytical way of 
dealing with non-leptonic B decays is not available at present. 

The corresponding calculations are quite complicated and a discussion of their 
technicalities would not be useful in the context of this review. Let me therefore 
just briefly discuss the main results. The model calculations indicate that EW 
penguins lead to a reduction of BR(S+ ^ K+cj)) by 0(30%) for rrit = 0(170 GeV), 
while these effects are below 2% in the case of BR{B+ TT+K*°). As in Fig. |, 
the branching ratios, which are both of O(10~^), depend strongly on k^, the four- 
momentum of the gluons and photons appearing in the penguin diagram depicted in 
Fig. H This "unphysical" fc^-dependenceE3 is due to the use of the above mentioned 
model. In_^order to reduce this dependence as well as other hadronic uncertainties, 
the ratioBa 



R 



fK'FB.{Ml,-l-) 



UFbk{MI-1-) 
BR(B+ K+cf) 



BR(B^ 



^{M^Mb^Mk-IMb)' 
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BR(B+ ^ K+> 
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(160) 



where fv are meson decay constants, Fppi are quark-current form factors and 
<i>(a;, y) is the usual two-body phase space function, turns out to be very useful. 
Although R is affected in almost the same way by EW penguins as the branching 
ratio BR(_B''" — > A'+0), it suffers much less from hadronic uncertainties, is very 
stable against variations both of the momentum transfer k'^ /ml and of the QCD 
scale parameter Aj^, and does not depend on CKM factors if the O(A^) terms in 
( p^ are neglected. These terms play a minor role and may lead to tiny direct CP- 
violating asymmetries of 0(1%). One should keep in mind, however, that BR(i3+ 
K'^cj)) and BR^i?"*" — > tt'^K*'^) could receive quite different contributions in principle 
if "factorization" does not hold. Therefore R could be affected by such unknown 
corrections. 

The effect of the NLO renormalization group evolution from fi = 0{Mw) dawn 
to fi = 0{mb), i.e. the difference between using exact NLO Wilson coefficientala or 
(p8|), is rather small and gives an enhancement of the branching ratios by about 
0(10%) and an even smaller enhancement in the case of R. Hence the use of the 
approximate Wilson coefhcients ( p8| ) is justified. The effects of the EW penguins 
can be seen nicely in Fig. |^, where the top-quark mass dependence of R calculated 
with the help of these coefficients is shown. Whereas the dashed line corresponds 
to the case where only QCD penguins are included, the solid line describes the 
calculation taking into account both QCD and EW penguin operators. 
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There are not only some non-leptonic B decays that are affected significantly by 
EW penguins. There are even a few channels where the corresponding operators 
may play the dominant role as we will see in the following two subsections. 

4.2. EW Penguin Effects in i3+ ^ vr+i/) 

In respect of EW penguin effects, the mode i?+ Tr^(f) is also quite interesting0. 
Within the spectator model, it originates from the penguin-induced 6-quark de- 
cay b — > dss, where the ss pair hadronizes into the 0-meson which is present 
in a color-singlet state. The s- and s-quarks emerging from the gluons of the 
usual QCD penguin diagrams form, however, a color-octet state and consequently 
cannot build up that (jj-meson (see also 3.3.2). Thus, using both an appropri- 
ate NLO low energy effective Hamiltonian and the BSW model in combination 
with the factorization assumption to estimate the relevant hadronic matrix el- 
ements of the QCD penguin operators, one finds a very small branching ratio 
BR (5+ "''''</') I QCD ~ C(10~^°). The non-vanishing result is due to the renor- 
malization group evolution from fj, — 0{Mw) down to ^ — 0{mi,). Neglecting 
this evolution, i.e. applying the approximate Wilson coefficients (^, would give 
a vanishing branching ratio because of the color-arguments given above. Since 
these arguments do nnt apply to EW penguins, their contributions are expected 
to become importantEJ. In fact, taking into account also these operators gives a 
branching ratio BR{B+ 7r+0)|QCj3+EW = O{10-^) for nit = 0(170 GeV) that 
increases strongly with the top-quark mass. Unfortunately the enhancement by a 
factor of 0(10^) through EW penguins is not strong enough to make the decay 
— > n'^cf) measurable in the foreseeable future. 

The color-arguments for the QCD penguins may be affected by additional soft 
gluon exchanges which are not under quantitative control at present. These con- 
tributions would show up as non-factorizable contributions ta_the hadronic matrix 
elements of the penguin operators which were neglected in Ref.Eil. Nevertheless there 
is no doubt that EW penguins play a very important - probably even dominant - 
role in the decay 5+ n^cj) ^-nd related modes like — > 

4.3. EW Penguin Effects in B^ tt"4> 

The theoretical situation arising in the decay n^cf) caused by 6 — > s {uu, dd) 

quark-level transitions is much more favorable than in the previous two subsections 
because of the SU{2) isospin symmetry of strong interactions. Let me therefore 
be more detailed in the presentation of that transition which is expected to be 
dominated by EW penguinsES. In contrast to the decays discussed in 4.1 and 4.2, 
it receives not only penguin but also current-current operator contributions at the 
tree level. The final state is an eigenstate of the CP operator with eigenvalue +1 
and has strong isospin quantum numbers (/j/s) = (1,0), whereas the initial state 
is an isospin singlet. Thus we have to deal with a AI — 1 transition. 

Looking at the operator basis given in (|l^)-(18), we observe that the current- 
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current operators Q1J2 ^nd the EW penguin operators can lead to final states both 
with isospin / = and I — 1, whereas the QCD penguin operators give only final 
states with / = 0. Therefore the A/ — 1 transition Bg TT^cj) receives no QCD pen- 
guin contributions and arises purely from the current-current operators Q"/2 ^^'^ 
the EW penguin operators. For the same reason, QCD penguin matrix elements of 
the current-current operators and Q?,'^ (see (p^)) with up- and charm-quarks 
running as virtual particles in the loops, respectively, do not contribute to that de- 
cay. Consequently, using in addition the unitarity of the CKM matrix and applying 
the modified Wolfenstein parametrization (|l0| ) yielding 

KT.Kf, = X\Vub\ e-''\ V*Vtb = ~\Vts\ = ~\Vcb\{l + 0(A2)), (161) 
the hadronic matrix element of the Hamiltonian ( p^ can be expressed as 



ttV Hcff(AS = -1)Lbo 



fe=i 



V2 



(162) 



k=7 



where the correction of ^^(A ) in (161) has been omitted 



Neglecting EW penguin operators for a moment and applying the formalism 
developed in 3.2.2, we would find A^^~™'^{Bs '^^4>) = sin(27). The approxima- 
tion of neglecting EW penguin operator contributions to Eg — > 7r°0 is, however, 
very bad since the current-current amplitude Aqq is suppressed relative to the EW 
penguin part Aew by the CKM factor X^Rb ~ 0.02. Moreover the current-current 
operator contribution is color-suppressed by 02 ~ 0.2. On the other hand, in the 
presence of a heavy top-quark, the Wilson coefficient of the dominant EW penguin 
operator Qg contributing to Bs TT^(j> in color-allowed form is of 0(10^^) (see 
Fig. I). Therefore we expect |Aew|/|^cc| = 0(10-2/(0.02 • 0.2)) = 0(2.5) and 
conclude that EW penguins have not only to be taken into account in an analysis 



of -B, 



but should even give the dominant contribution to that channel. 



In order to simplify the following discussion, let us neglect the influence of QCD 
corrections to EW penguins for a moment. Then the Wilson coefhcients of the 
corresponding operators are given by c[°'(^) (fc G {7, . . . , 10}) specified in (|2^). 
Since (/x) and cffj {fj,) vanish, we have to consider only hadronic matrix elements 
of the operators Q"/2' ^7 ^^"^ °^ ^^"^ dominant EW penguin operator Qg. For the 
evaluation of the hadronic matrix elements, it is convenient to perform a Fierz 
transformation of the current-current operators and to consider 



Q 



us 
2 



{uu)Y-A{sb)Y-A = Qv-A + Qv"a 
(UqM/3)v-a(s/36q)v-A = Qv-A + Qv-A 

1^ 
2' 
1 

r 



{uu)y+a - -{dd)y+A 



{uu) 



i(dd)v-A 



(s6)v-A = ^Q{=+\ 



(s-6)v-A = M^-l 



Qv+A 



3 ,=1 

^Qw-A- 



(163) 
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Here the parts of Qf and Qg with quark flavors {ss){sb) and (cc)(s6), which do not 
contribute to — > n^cj), have been neglected and the following isospin operators 
have been introduced: 



qI=0 



[(uu)v±A + {dd)v±A\ {sb)v-A 



= - [{uu)v±A - {dd)v±A] {sb)v-A 



Qy±A = [iUaUfj)v±A + {dadfj)v±A] {spba)v-A 



Q 



1=1 

V±A 



(164) 



[{UaU^)v±A - {dad^)v±A] (S/36a)v-A- 



Taking into account that Bg n^cf) is a. AI = 1 transition and employing non- 
perturbative "B-parameters" to parametrize the hadronic matrix elements yields 



Qv=i(M) 



B[ 



B^.) ^ \b 



Bv-a(a*)^ = 
v-a(m) h 



(165) 



2 



2v?a(m) 



i3o) = ^Bv+A(M)/i, 



where h corresponds to the "factorized" matrix element {tt^4\QY\B^): 

h = i^i2M^ FB,<i>{Ml- 0") (£^ • pbJ. 
v2 



(166) 



Since the Tr^-meson is a pseudoscalar particle and emerges from the axial vector 
parts of the quark-currents [(mm)v±a ~ {dd)Y±A\ , it is quite natural to assume 



-Bv+a(m) ~ --Bv-a(m)- 



(167) 



For a similar reason, the one-loop QED penguin matrix elements of the current- 
current operators (5"/2 '3i/2' which have to be taken into account in order to 
have a consistent calculation (see Subsection 2.3), vanish, since the virtual photons 
appearing in the QED penguin diagrams generate {uu)y and {dd)Y vector currents 
that cannot create the pseudoscalar 7r°-meson. Consequently we obtain 



Heff(AB = -l) 



B2 



V2 



\Vts\B^j^A{p)h 



(168) 



X^Rbe-'nC^{li) 



1 Bv-a(m) 



C2(m) 



3 Bv-A(At) 

so that the CP-violating observables can be expressed as 

Q 2 (x + cos 7) sin 7 



■^Cp{Bs 



= 0, -'"^(B, 



x"^ + 2x cos 7 + 1 ' 



(169) 
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Figure 10: The dependence of Aqp~™'^{Bs tt^4') on 7 for various values of : 



while the branching ratio BK{Bs 7r"0) takes the form 



BRcc(S, ->7rO 



2 a: cos 7 + 1, 



(170) 



where BRcc(-Bs ^ '^'^4') = 0(10^^) denotes the current-current branching ratio. 
In these equations, x describes the ratio of the contribution of the EW penguin 
operators to that of the current-current operators: 



(171) 





3 








^CC 




Ci(m) + 





Note that deviations from the relation ( |167| ) would only lead to very small correc- 

77(0) 



tions to (171) since Cy"''(yLt) is suppressed relative to C)^' (n) by a factor of O(10~^). 
To eliminate the hadronic uncertainties in ( 171 ) , we identify the combination of the 
Wilson coefficient functions Ci/2(/i) and the corresponding _B-parameters with the 
phenomenological color-suppression factoiH^El 



0-2 



Ci(a^) 



I ^v-a(m) 
3 Bv-A(Ai) 



(172) 



Applying the analytical expressions for the Wilson coefficients C7 (fi) and Cg (/x) 
given in (]2^), their /^-dependences cancel explicitly so that we arrive at the fi- 
independent expression 



27rA2i?b 02 sin^ 6 



w 



■[5B{xt)-2C{xt)]., 



(173) 



where the Inami-Lim functional B{xt) and C{xt) are given in ( p9|) and describe 
box diagrams and Z penguins, respectively. The photon penguin contributions to 
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Figure 11: The dependence of BR(i3s 
values of x. 



7r°(/))/BRcc(^s T^^<t>) on 7 for various 



cf\iJL) and c'^Q^ {n) described by the Inami-Lim function D{xt) cancel in ( |173| ) 
because of the remark after (167). 

Note that (173) is rather clean concerning hadronic uncertainties. This nice 
feature is due to the fact that we are in a position to absorb all non-perturbative 
-B-parameters related to deviations from naive factorization of the hadronic matrix 
elements by introducing the phenomenological color-suppression factor 02. Con- 
cerning short-distance QCD corrections, which have been neglected so far, we have 
to consider only those affecting the box diagrams and Z penguins contributing to 
x, since the QCD corrections to the current-current operators are incorporated ef- 
fectively in 02. The corresponding short-distance QCD correctio ns a re small if we 
use mt(mt) as has to be done in NLO analyses of weak decayg3'E2a. Applying on 
the other hand the formalism described briefly in Section 2, one finds that the QCD 
corrections to EW penguin operators arising from the renormalization group evo- 
lution from PL — 0{Mw) down to /i = 0{mi,) modify x by only a few percent and 
are hence also negligibly small. 

Using as an example 02 = 0.25, Rt — 0.36 and nit — 170 GeV yields x w —3 
and confirms nicely our qualitative expectation that EW penguins should play the 
dominant role in Bg — > n'^cj). Varying 02 within 0.2 ~ 02 ~ 0.3 and Rb and mt 
within their presently allowed experimental ranges gives — 5 ~ a; ~ — 2. The EW 
penguin contributions lead to dramatic effects in the mixing-induced CP asymmetry 
as well as in the branching ratio as can be seen nicely in Figs. |l^ and |l^, where 
the dependences of ^™^"'"'^(i?s '^'^4') and of the ratio 7?. on 7 are shown for 
various values of x. The solid lines in these figures correspond to the case where 
EW penguins are neglected completely. In the case of ^™^"'"'^(i?s — > t^^'P) even the 
sign is changed through the EW penguin contributions for 7 < 90°, whereas the 
branching ratio is enhanced by a factor of 0(10) with respect to the pure current- 
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Figure 12: The determination of a from B tttt isospin triangles in the presence 
of EW penguins. 

current case. The resulting BR(i3s — > Tr^^i) is of 0(10^^), so that an experimental 
investigation of that decay - which would be interesting to explore EW penguins - 
will unfortunately be very difficult. Needless to say, the modes Bg — > p^(j),TT°r], p°r] 
exhibiting a yerv s imilar dynamics should also be dominated by their EW penguin 
contributionsO'EHj. 

5. The Role of EW Penguins in Strategies for Extracting CKM Phases 

In the strategies for extracting CKM phases reviewed in Section 3, EW penguins do 
not lead to problems wherever it has not been emphasized explicitly. That is in fact 
the case for most of these methods. However, the GL approachEj to eliminate the 
penguin uncertainties affecting the determination of a from AQp~^'^'^{Bd tt+tt^) 
with the help of isospin relations among i? — > tttt decays (see 3.3.3), as well 
as the GRL methocB to determine 7 from SU{3) amplitude relations involving 
5+ — > {tt+tt^, 7r+ii'*'jjT*'_ftr+} and their charge- conjugates (see 3.6.2) require a care- 
ful investigationil0El. 

5.1. The GL Method of Extracting a 

If one redraws the GL constructionEl to determine a from B tttt isospin triangles 
by taking into account EW penguin contributions, one obtains the situation shown 
in Fiff. |l^. This construction^ is a bit different from the original one presented in 
Ref£3, since the A{B —> tttt) amplitudes have been rotated by e~'^^^ . The angle 
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(j) fixing the relative orientation of the two isospin triangles, which are constructed 
by measuring only the corresponding six branching ratios, is determined from the 
mixing-induced CP asymmetry of Bd ~f tt+tt^ with the help of the relation 



4 mix-ind / d 

Acp (Bd 



1 



2 \A{B° TT+TT-) 






^(5°^ TT+TT- + 


\A{B°^ TT+TT-) 


|2 



L(/.. (174) 



In Fig. the notation of GHLRKI has been used, where Pew and Pg-w denote 
color-allowed and color-suppressed b ^ d EW penguin amplitudes and Cu ~ +2/3 
and Cd = —1/3 are the electrical up- and down- type quark charges, respectively. 
Because of the presence of EW penguins, the construction shown in that figure 
does not allow the determination of the exact angle a of the UT. It allows only the 
extraction of an angle a that is related to a through 



A. 



a, 



where Aa is given by 



with 



Aa — r sin a cos {p — a) + 0{r^) 

|(c„ - Cd)(PEW 



^Ew) 



EW 



T 



(175) 



(176) 



(177) 



|T-|-C| 

Since r is expected to be of p/0.2^) as can be shown by using a plausible hierarchy 
of 5 — > J decay amplitudes O, EW penguins should not lead to serious problems 
in the GL method. This statement can also be put on more quantitative ground. 
Unfortunately p contains strong final state interaction phases and hence cannot 
be calculated at present. However, using | cos(p — Q;)| < 1, one may estimate the 
following upper boundED for the uncertainty Aa: 



lAal 



\5B{xt)-2C{xt) 



Vtd 



sma 



(178) 



2TTai sin^ Qw ' 

Taking into account the present status of the CKM matrix yielding the upper limiJli 
|Vt£i|/|T4b| < 4.6 gives |Aa|/| sina| ~4° for a top-quark mass nit = 170 GeV and a 
phenomenological color- factor ai = 1. 



5.2. The GRL Method of Extracting 7 

In the case of the GRL strateg};!! for extracting the UT angle 7 from the con- 
struction shown in Fig. ^ we have to deal with 6 — > s modes which exhibit an 
interesting hierarchy of decay amplitudestJO that is very different from the b ^ d 
case discussed in the previous subsection. Since the color-allowed current-current 
amphtude T' is highly CKM suppressed by X^Rt ~ 0.02, one expects that the QCD 
penguin amplitude P' plays the dominant role in this decay class and that T' and 
the color-allowed EW penguin amplitude P^w equally importantO: 

rpl pi 



Oil). 



(179) 
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Figure 13: S'C/(3) relations among B'^ {tt+tt^, Tr^iiT^, 7r°if+} and charge- 
conjugate decay amplitudes including EW penguin contributions. 



The last ratio can be estimated more quantitatively^ as 

" |5B(xO-2C(a;t)|rs[7(3). (180) 



P' 



T' 



ai sin^ 9 



w 



Here rgm^-^) takes into account S'C/(3)-breaking corrections. Factorizable corrections 
are described by 

where the BSW form factors@ parametrizing the corresponding quark-current ma- 
trix elements yield ?'s;7(3) | j^^^^. ~ 1- The ratio (180) increases significantly with the 



top-quark mass. Using mt = 170 GeV, Rb ~ 0.36, oi = 1 and rsuci) = 1 gives 



|Pg^|/|T'| « 0.8 and confirms nicely the expectation (179). 

Consequently EW penguins are very important in that case and even sjmil the 
GRL approachEa to determine 7 as was pointed out by Deshpande and HeBS. This 
feature can be seen nicely in Fig. where color-suppressed EW penguin and 
current-current amplitudes are neglected to simplify the presentatiorO. If the EW 
penguin amplitude [cu — Cd) P^w '^^re not there, this figure would correspond to 
Fig. and we would simply have to deal with two triangles in the complex plane 
that could be fixed by measuring only the six branching ratios corresponding to 



52 The Role of Electroweak Penguins in Strategies for Extracting CKM Phases 



c 




Figure 14: Amplitude quadrangle for B — s- tiK decays. The labels are explained in 
the text. 



_B+ {tt+tt", 7r+iir°, 7r"iir+} and their charge-conjugates. However, EW penguins 
do contribute and since the magnitude of their "unknown" amplitude (c„ — c^) ^ew 
is of the same size as |T'|, it is unfortunately not possible to determine 7 with the 
help of this construction. This feature led to the development of other methods 
using SU (3) amplitude relations to extract 7 that require also only measurements 
of branching ratios, and to strategies to control EW penguins in a quantitative way 
to shed light on the physics of these FCNC processes. 

5.3. SU{'i) Strategies for Extracting 7 without EW Penguin Problems 

In the recent literatureii~0 some solutions have been proposed to solve the problem 
arising from EW penguins in the GRL approach. Let us have a closer look at them 
in this subsection. 



5.3.1. Amplitude Quadrangle for B — s- tiK Decays 

A quadrangle construction involving B ttK decay amplitudes was proposed in 
Rcfo that can be used in principle to determine 7 irrespectively of the presence 
of EW penguins. This construction is shown in Fig. where (a) corresponds to 
A{B+ TT+i^O), (b) to V2A{B+ TT^K+), (c) to y/2A{B° 7:"K°), (d) to 
A{B^ — !■ n~K'^) and the dashed hne (e) to the decay amplitude -s/S t^^v)- 
The dotted line (f) denotes an J = 3/2 isospin amplitude A3/2 that is composed of 
two parts and can be written agl£j 

A3/2 = \AIk\ e*^^ e*"^ - \A^^^\ e'*'EWP . (182) 

The corresponding charge- conjugate amplitude takes on the other hand the form 

A,^2 = I^JkI e''" e-*^ - |AEWP| , (183) 



so that the EW penguin contributions cancel in the difference of ( |182| ) and (183): 
A3/2 - ^3/2 = 2 1 /^^ I AIj, I sin 7 . (184) 



In order to determine this amplitude difference geometrically, both the quadrangle 
depicted in Fig. 14 and the one corresponding to the charge-conjugate processes 
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Figure 15: SU{3) amplitude relations involving B+ {7r+_ftr", 7r"_fi'+, 773 i^T+j and 
charge-conjugates (dashed lines). The labels are explained in the text. 



have to be constructed by measuring the branching rations corresponding to (a)- 
(e). Moreover the relative orientation of these two quadrangles in the complex 
plane has to be fixed. This can be done easily through the side (a) as no non- 
trivial CP-violating weak phase is present in the b —^ s penguin-induced decay 
B+ TT+K°, i.e. A{B- TT-K^) = A{B+ tt+K°) (see 3.3.4). Since the 
quantity I^Jxl corresponds to \T' + C'\, it can be determined with the help of 



(184). Unfortunately the dashe 
is dominated by EW penguinst 



the SU{3) flavor symmetry (note ( |155| ) and (157)) by measuring the branching 
ratio for B+ tt+tt", i.e. through \AJj^\ = ruV^\A{B+ tt+tt")!, so that 
both sin 7 and the strong phase St can be extracted from the amplitude difference 

line (e) corresponds to the decay B^ tt^t? that 
1123 (see Subsection 4.3) and is therefore expected 
to exhibit a branching ratio at the O(10~^) level. Consequently the amplitude 
quadrangles are rather squashed ones and this approach to determine 7 is very 
difficult from an experimental point of view. 



5.3.2. SU{3) Relations among B+ {'K+K°,TT°K+,T]sK+} Decay Amplitudes 

Another approach to extract 7 involving the decays 5+ {7r+_ft'", 7r°i4r+ ryg K^} 
and their charge- conjugates was proposed by Deshpande and He in Ref.ca. Using 
SU(3) flavor symmetry, it is possible to derive relations among the corresponding 
decay amplitudes that can be represented in the complex plane as shown in Fig. p^ . 
Here the solid lines labelled (a), (b) and (c) correspond to the decay amplitudes 
A{B+ n+K^), y/2A{B+ -> tt°K+) and y/Q A{B+ r]sK+), respectively, and 
the dashed lines represent the corresponding charge-conjugate amplitudes. Note 
that A{B^ TT~K^) = A{B^ tt^K'^) has also been used in this construction. 
Similarly as in 5.3.1, the determination of 7 can be accomplished by considering the 
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difference of a particularly useful chosen combination A of decay amplitudes and 
its charge-conjugate A, where the penguin contributions cancel: 

A-^=2^/2ie'^^ru\A{B+ ^ 7r+7r°)| sin7. (185) 

Here the magnitude rif the i?+ 7r+7r° amplitude is used - as in the B — > ttK 
quadrangle approachEJ - to fix |T' + C"|. In Fig. |l^, the dotted lines (x) and 
(y) represent two possible solutions for this amplitude difference. The fact that this 
construction does not give a unique solution for A — ^4 is a well-known characteristic 
feature of all geometrical constructions of this kind, i.e. one has in general to deal 
with several discrete ambiguities. 

Compared to the method using B ttK quadrangles discussed in 5.3.1, the 
advantage of this strategy is that all branching ratios are expected to be of the same 
order of magnitude 0(10"^). In particular one has not to deal with an EW penguin 
dominated channel exhibiting a branching ratio at the 0(10"^) level. However, 
the accuracy of the strategy is limited by — ?]' mixing, i.e. the A{B'^ — > rjs K"^) 
amplitudes have to be determined through 

A{B^ mK^) = MB^ ^ rj K^) cos e + A{B^ ^ r]'K^) smO (186) 

with a mixing angle Q w 20°, and by other S'C/(3)-breaking effects which cannot be 
calculated at present. A similar approach to determine 7 was proposed by Gronau 
and Rosner in RefJ£3, where the amplitude construction is expressed in terms of the 
physical and 77' states. A detailed discussion of SU{3) amplitude relations for B 
dec ays involving rj and rj' in light of extractions of CKM phases can be found in 
RefS. 



5.3.3. A Simple Strategy for Fixing 7 and Obtaining Insights into the World of EW 
Penguins 

Since the geometrical constructions discussed in 5.3.1 and 5.3.2 are quite compli- 
cated and appear to be very challenging from an experimental point of view, let us 
consider a much simpler approachEH to determine 7. It uses the decays 5+ tt+X", 
B^ TT^K^ and their charge-conjugates. In the case of these transitions, EW 
penguins contribute only in color-suppressed form and hence play a minor role. 
Neglecting these contributions and using the SU{2) isospin symmetry of strong 
interactions - not SU{?>) - to relate their QCD penguin contributions (note the 
similarity to the example given in 3.4.2), the corresponding decay amplitudes can 
be written in the GHLR notationll as 

A{B+ Ti+K°) = P' = A{B- Tr-K°) 

A(BS ^ TT-K+) = -{P' + T') (187) 

A(B0 ^ TI+K-) = - (P' + er^'^ T') . 

Let me note that these relations are on rather solid ground from a theoretical point 
of view. They can be represented in the complex plane as shown in Fig. h6l Here 
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Figure 16: SU{2) isospin relations among _B+ vr+if", — > tt if+ and charge- 
conjugates. The labels are explained in the text. 



(a) corresponds to_A(S+ tt+K^) = P' = A{B- tt-R^), (b) to A{B^ 
TT^K'^), (c) to A{B^ n^K^) and the dashed lines (d) and (e) to the color- 
allowed current-current amplitudes T' and e^^*'' T', respectively. The dotted lines 
(f)-(h) will be discussed in a moment. Note that these B ttK decays appeared 
already in 3.3.6. Combining their branching ratios with the observables of a time- 
dependent jneasurement of Bd vr+TT^, a simultaneous extraction of a and 7 may 
be possibla23. The information provided by the B ttK modes can, however, also 
be used for a quite different approach that may finally allow the determination of 
EW penguin amplitudes. 

In order to determine 7 from Fig |l^, we have to know the length |r'| of the 
dashed lines (d) and (e). In fact, the situation is analogous to the extraction of 



7 from (119) and (120) in 3.4.2. There we saw that i?+ 7r+7r° provides an es- 



timate of that quantity through (122) which is based on two assumptions: SU{3) 
flavor symmetry and neglect of color-suppressed current-current contributions to 
B^ TT+TT*^. Consequently, following these lines, it is possible to obtain an estimate 
of 7 by measuring only BR{B+ n+K^) = BR{B- tt"^), BR{B'^ tt-K+), 
BR{B^ -> TT+K-) and BR{B+ tt+ttO) = BR{B- tt-tt"). Note that the 
neutral B^ decays are "self-tagging" modes so that no time-dependent measure- 
ments areneeded and that this estimate of 7 is very similar to the "original" GRL 
approaclH shown in Fig. |^ that is unfortunately spoiled by EW penguins. Needless 
to say, this strategy is very simple from a geometrical point of view - just triangle 
constructions - and very promising from an experimental point of view since all 
branching ratios are of the same order of magnitude 0(10^^). Moreover no difficult 
to measure CP eigenstate of the neutral D system is required as in 3.6.1. 

Let me emphasize that the "weak" point of this approach - and of the one 



using untagged Bg decays discussed in 3.4.2 - is the relation (122) to estimate |T'|. 
Therefore the "estimate" of 7 may well turn into a solid "determination" if it should 
become possible to fix the magnitude of the color-allowed current-current amplitude 
contributing to B'^ — > tt~K~^ in a more reliable way. Another possibility of fixing 
|r'| is of course the factorization hypothesis which may work reasonably well for 
that color-allowed amplitudcEa and could be used as some kind of cross-check for 
(122). Maybe the "final" result for \T'\ will come from lattice gauge theory one day. 
Interestingly the construction shown in Fig. |l^ provides even more information 
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if one takes into account the amplitude relations 

V2A{B+ ^ ^Oi^+) ^ -[P' + T' + (c„ - Cd)P^w] (188) 
V2A{B- ^ 7t"K-) ^ -[P' + e-^'^ T' + (c„ - Cd)PU] , (189) 

where color-suppressed current-current and EW penguin amplitudes have been ne- 
glected. Consequently, the dotted lines (f) and (g) corresponding to \/2y4(_B+ 
TT^K~^) and \/2 A{B~ Tr^K~), respectively, allow a determination of the dotted 
line (h) denoting the color-allowed 5 — > s EW penguin amplitude (c„ — Q)Pg^. 
Since EW penguins are - in contrast to QCD penguins - dominated to excel- 
lent accuracy by internal top-quark exchanges, the b ^ d EW penguin amplitude 
(cit — Cd)PEW is related in the limit of an exact SU(3) flavor symmetry to the 
corresponding 6 — > s amplitude through the simple relation 

(c„ - Crf)PEW = -A Rt e-'^ (c„ - Cd)P^w (190) 
and may consequently be determined from the constructed (c« — Cd)/^-^ amplitude. 



5.4. Towards Control over EW Penguins 

It would be very useful to determine the EW penguin contributions experimentally. 
That wouldallow several predictions, consistency checks and tests of certain SM 
calculationsHZI. For example, one may determine the quantity x introduced in (171) 
parametrizing the EW penguin effects in Bs — s- tt'^^ experimentally, and may com- 
pare this result with the SM expression ( |l73| ) . That way one may obtain predictions 
for A'Sp~''"^{Bs 7r"0) and BR(Ss ir^cj)) long before it might be possible (if it 
is possible at all!) to measure them directly. Another interesting point is that the 
b d EW penguin amplitude Pew allows in principle to fix the uncertainty Aa 
(see (175)) arising from EW penguins in the GL methodH of extracting a and to 
check whether it is e.g. in agreement with (178). Since EW penguins are "rare" 
FCNC processes that are absent at tree level within the SM, it may well be that 
"New Physics" contributes to them significantly through additionally present vir- 
tual particles in the loops. Consequently EW penguins may give hints to physics 
beyond the SM. 

We have just seen an example p£ a simple strategy to determine EW penguin 
amplitudes experimentally. In Ref.ES, where more involved methods to accomplish 
this task are discussed, it was pointed out that the central input to control EW 
penguins in a quantitative way is the CKM angle 7. Consequently determinations 
of this UT angle are not only important in respect of testing the SM description of 
CP violation but also to shed light on the physics of EW penguins. 



6. Summary and Concluding Remarks 

The P-meson system provides a very fertile ground for studying CP violation and 
extracting CKM phases. In this respect neutral Pg decays {q G {d, s}) are particu- 
larly promising. The point is that "mixing-induced" CP-violating asymmetries are 
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closely related to angles of the UT in some cases. For example, the "gold-plated" 
decay J/tjj Ks allows an extraction of sin(2/3) to excellent accuracy because of 

its particular decay structure, and — > tt+tt" probes sin(2a). However, hadronic 
uncertainties arising from QCD penguins preclude a theoretical clean determination 
of sin(2a) by measuring only ^™p'^"'"'^(i?rf tt+tt^). Consequently more involved 
strategies are required to extract a. Such methods are fortunately already available 
and certainly time will tell which of them is most promising from an experimental 
point of view. 

In the case of Bs — > p'^Kg, which appeared frequently in the literature as a tool 
to determine 7, penguin contributions are expected to lead to serious problems so 
that a meaningful extraction of 7 from this mode should not be possible. There are, 
however, other B^ decays that may allow determinations of this UT angle, in some 
cases even in a clean way. Unfortunately B^ — B^ mixing may be too fast to be 
resolved with present vertex technology so that these strategies are experimentally 
very challenging. 

An alternative route to extract CKM phases from Bg decays and explore CP 
violation in these modes may be provided by the width difference of the Bs system 
that is expected to be sizable. Interestingly the rapid oscillatory AMgt terms cancel 
in untagged Bg data samples that depend therefore only on two different exponents 

e~^i' * and e^^H *. Several strategies to extract 7 and the Wolfcnstcin parameter 
T] from untagged Bg decays have been proposed recently. Here time-dependent 
angular distributions for Bg decays into admixtures of CP eigenstates and exclusive 
channels that are caused by & ^ ucs (h cus) quark-level transitions play a key 
role. Such untagged methods arc obviously much more promising in respect of 
efficiency, acceptance and purity. However, their feasibility depends crucially on 
ATg and it is not clear at present whether it will turn out to be large enough. 

Theoretical analyses of CP violation in charged B decays are usually very tech- 
nical and suffer in general from largc^ hadronic uncertainties. Consequently CP- 
violating asymmetries in charged B decays are mainly interesting in view of ex- 
cluding "superweak" models of CP violation in an unambiguous way. Nevertheless, 
if one combines branching ratios of charged B decays in a clever way, they may 
allow determinations of angles of the UT, in some cases even without hadronic 
uncertainties. 

To this end certain relations among decay amplitudes are used. The prototype 

of this approach are B DK amplitude triangles that allow a clean determination 
of 7. Unfortunately one has to deal with experimental problems in that strategy of 
fixing this UT angle. Whereas the B DK triangle relations are valid exactly, one 
may also use the SU{3) flavor symmetry of strong interactions with certain plausible 
dynamical assumptions to derive approximate relations among non-leptonic B 
{nn, nK, KK} decay amplitudes which may allow extractions of CKM phases and 
strong final state interaction phases by measuring only the corresponding branching 
ratios. This approach has been very popular over the recent years. It suffers, 
however, from limitations due to non-factorizable 5'i7(3)-breaking, QCD penguins 
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with internal up- and charm-quark exchanges and also EW penguins. 

Contrary to nai've expectations, EW penguins may play an important - in some 
cases, e.g. Bg — > '!t'^4>, even dominant - role in certain non-leptonic B decays because 
of the large top-quark mass. The EW penguin contributions spoil the determination 
of 7 using B^ {tt+tt", 7r+i^°, n^K'^} (and charge-conjugate) SU{3) triangle rela- 
tions and require in general more involved geometrical constructions, e.g. B nK 
quadrangles, to extract this UT angle which are difficult from an experimental point 
of view. There is, however, also a simple "estimate" of 7 using only triangles which 
involve the B'^ -k^K^, B^ — > tt'K'^ and charge-conjugate decay amplitudes. 
This approximate approach is more promising for experimentalists and may turn 
into a "determination" if the magnitude of the color-allowed b ^ s current-current 
amplitude, which is its major input, can be determined reliably. Measuring in addi- 
tion the branching ratios for B^ n'^K^ also the EW penguin amplitudes can be 
determined experimentally which should allow valuable insights into the physics of 
these FCNC processes. There are more refined strategies to control EW penguins 
in a quantitative way that require 7 as an input. Consequently a determination of 
this UT angle is not only important to test the SM description of CP violation but 
also to shed light on these "rare" FCNC processes which might give hints to "New 
Physics" . 

I hope that I could convince the reader in this article that the physics potential 
of the B system in respect of CP violation and exploring penguins is enormous and 
that certainly a very exciting future of B physics is ahead of us. 

Acknowledgements: I would like to thank Andrzej Buras, Isard Dunietz and 
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